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Accepted 5 July 2011 clean, and freely available. The average annual solar radiation falling on the Arabian Peninsula is about 


Available onllne ds September zi 2200 kWh/m?. Applications of solar energy in Saudi Arabia have been growing since 1960. Solar hydrogen 


production plant situated at the Solar Village, Riyadh, Saudi Arabia, could have been considered as the 
nmo oe world’s first 350 kW solar-powered hydrogen-generation plant at the time of its inception. The develop- 
Solar energy 8y ment of solar energy, however, has been relatively low due to several obstacles although utilization of 

solar energy in its various aspects is very attractive for the country. The main objectives of this study are 


Solar radiation correlations oe i $ A : 
Exergetic solar radiation to address current applications and future aspects of solar energy along with studies conducted in this 


Solar desalination field and to assess them in the light of available sustainable energy technologies towards establishing 
PV energy policies. The solar energy-related topics reviewed include various types of solar radiation correla- 
Solar cooling tions, exergetic solar radiation, solar collectors, solar photovoltaic (PV) systems, solar stills, solar-powered 
Solar stills irrigation, solar energy-related greenhouses, solar hydrogen, solar water desalination and solar energy 
Solar greenhouse education. Some barriers, scenarios and constraints are also covered. The utilization of solar energy could 
rae need en cover a significant part of the energy demand in the country. If a major breakthrough is achieved in the 
Saudi pans field of solar-energy conversion, Saudi Arabia can be a leading producer and exporter of solar energy in 
the form of electricity. The geographical location of the country, its widespread unused desert land, and 
year-round clear skies, all make it an excellent candidate for this. 
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Nomenclature 

a,b coefficient of regression models 

Cw amount of cloud cover (octas) 

H monthly average of daily global radiation on hori- 
zontal surface (W/m? day) 

Hp monthly average of daily beam radiation on hori- 
zontal surface (W/m? day) 

Ha monthly average of daily diffuse radiation on hori- 


zontal surface (W/m? day) 


Hp diffuse irradiation on horizontal surface 
(Wh/m? day) 

Hg global solar irradiation (Wh/m? day) 

Ho monthly average of daily extraterrestrial radiation 
on horizontal surface (W/m? day) 

K geographical factor 

Kt monthly average of daily clearness index 

Li latitude of location (°) 

MABE mean absolute bias error 

MBE mean bias error 

MPE mean percentage error 

Pat atmospheric pressure (kPa) 

PWV perceptible water vapor 

R coefficients of correlation 

R2 coefficient of determination 

Rp relative humidity (%) 

RMSE root mean square error 

S monthly average of daily bright sunshine hours (h) 

Sc solar energy absorbed by the greenhouse cover 
(W/m?) 

Sg solar energy incident on the greenhouse (W/m?) 

Sr solar energy lost to outside the greenhouse (W/m?) 

So monthly mean daily maximum possible sunshine- 
duration 


1. Introduction 


The combined effects of the depletion of fossil fuels and the 
gradually emerging consciousness about environmental degrada- 
tion have given the first priority to the use of renewable alternative 
energy resources in the 21st century [1]. Of all renewables, solar 
thermal energy is considered to be practically unlimited in the long- 
term, and is a very abundant resource in the developing world [2]. 


Sp solar energy absorbed by the plants (W/m?) 

Ss solar energy absorbed by the soil (W/m?) 

Sw solar energy absorbed by the humid inside air 
(W/m?) 

SS sunshine duration (h) 

t time (day) 

T temperature (°C) 

Ta air temperature (°C) 

Tmax maximum ambient (air) temperature (°C) 

Tmin minimum ambient (air) temperature (°C) 

Z maximum possible daylight hours (h) 

0 doubling time (h) 

(o latitude of the monitoring station (°) 

y monthly averaged relative humidity factor 


It is potential source of renewable energy options that is being pur- 
sued by a number of countries with monthly average daily solar 
radiation in the range of 3-6 kWh/m2, in an effort to reduce their 
dependence on fossil-based nonrenewable fuels [3]. 

Saudi Arabia is located in the heart of one of the world’s most 
productive solar regions, which receive the most potent kind of sun- 
light [4]. The average annual solar radiation falling on the Arabian 
Peninsula is about 2200 kWh/m? [5]. 

Utilization of solar energy in its various aspects, therefore, is 
very attractive in this part of the world. Research, development, and 
demonstration (RD&D) activities in Saudi Arabia have confirmed 
that solar energy has a multitude of practical uses [6]. Renewable 
energy stands at something of a crossroads in Saudi Arabia. On the 
one hand, there have been serious energy analysts in the coun- 
try who have worked for a greater role of solar energy in national 
energy policy. Renewable energy is widely praised for the environ- 
mental and public benefits it offers. On the other hand, there is a 
prevailing perception that renewable energy is largely irrelevant in 
the near- to mid-term planning horizons of industrial and energy 
investment in the Kingdom. This perception is manifested by the 
relatively small expenditures on renewable energy demonstration 
and commercialization projects, in the general lack of considera- 
tion of renewable energy in national energy policy development, 
and in the limited investment capital devoted to renewable energy 
projects. Energy forecasts in the country project negligible pene- 
trations of renewable energy well into this century [7]. 
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Future energy systems need to be based on renewable energy 
technologies in order to minimize environmental impacts and 
account for the finite supply of fossil fuels. The energy vector that 
holds the most promise for future energy systems is hydrogen. 
There remain, however, several challenges that must be addressed 
before a renewable hydrogen energy system can be implemented. 
The use of a carbon-based feedstock for hydrogen production in 
the near term cannot be avoided, but long-term solutions must 
be designed now to ensure energy needs are met in the future. 
The environmental, economical, and political reasons for the adop- 
tion of a renewable energy system emphasize the importance of its 
adoption [8]. 

In this regard, the importance of sustainable energy tech- 
nologies (SETs) is emphasized as solutions to the development 
and climate needs. These technologies are expected to adapt to 
local conditions, promote efficient use of resources and facilitate 
improvement in living standards with minimal adverse impact on 
environment. Moreover SETs are required to be robust, reliable, 
user friendly and suitable to the needs of inaccessible localities. 
With all these qualities, SETs need to be available at a price afford- 
able to people. Potentially, SETs are seen as instrumental to energy 
universalization in the developing countries by providing access 
to modern energy services to the people deprived of conventional 
energy services. Additionally, SETs, for their clean energy sources 
and high energy saving potential are expected to act as a preventive 
and curative measure to climate change [9]. 

The main objectives of this study are to present the cur- 
rent status and future aspects of solar energy in Saudi Arabia by 
comprehensively reviewing various solar-energy related studies 
conducted up to date and to highlight some corresponding avail- 
able sustainable energy technologies towards establishing energy 
policies. In this regard, the structure of the paper consisting of 
eight sections is organized as follows: The first section gives some 
introductory information; Section 2 summarizes the historical 
development of solar energy in Saudi Arabia, while energy strat- 
egy and policy along lessons learnt from solar energy projects in 
Saudi Arabia are presented in Sections 3 and 4; present status of 
solar energy studies is reviewed in Section 5 in terms of various 
aspects, such as solar radiation resources, estimating solar radia- 
tion and exergetic solar radiation using various approaches, other 
solar energy-related research studies and studies on solar energy 
utilization, development and applications. 

Section 6 includes future directions of solar energy studies in the 
lift of some recent advances in the field; some barriers, scenarios 
and constraints are covered and discussed in Section 7, while the 
last section concludes. 


2. Brief historical development of solar energy 


Applications of solar energy in Saudi Arabia have been grow- 
ing since the early 1960s, when the first photovoltaic (PV) beacon 
was established by the French at the small airport of Madinah 
Al-Munnawara [10]. Research activities were commenced with 
small-scale university projects during 1969, while the systematized 
major research and development (R&D) works for the development 
of solar energy technologies were initiated by the King Abdulaziz 
City for Science and Technology (KACST) in 1977. For the last two 
decades the Energy Research Institute (ERI) at KACST has conducted 
major RD&D work in this field [6]. 

The ERI has conducted a number of international joint programs 
in the field of solar energy. In October, 1977, Saudi Arabia and the 
United States signed a project agreement for cooperation in the 
field of solar energy under the Solar Energy Research American 
Saudi: Saudi Arabian-United States Program for cooperation in the 
Field of Solar Energy Program (SOLERAS). The Solar Energy Research 


Institute (SERI) has been designated as the Operating Agent for the 
SOLERAS program [11]. SOLARES addressed solar energy in terms of 
both technological and economic issues. One of the several projects 
being conducted under SOLERAS supplied two traditional Saudi 
Arabian villages, not connected to the central electric grid, with 
solar energy. These first villages of Al-Jubaila and Al-Uyaina were 
realized in the early 1980 as an innovation for the region. Saudi 
Arabia was the first country in the Gulf Cooperation Council (GCC) 
countries as well as in the entire Middle East to research how to 
make villages independent from the central system of power pro- 
duction. SOLERAS was established in 1975 and concluded in 1997 
[4,12]. After the pilot schemes to develop solar energy in the 1980s, 
Saudi Arabia has taken a much more active approach to solar power 
development [4]. 

A Long-term German-Saudi Arabian Cooperative Programme 
for Research, Development and Demonstration of Solar Hydrogen 
Production as well as Utilization of Hydrogen as an Energy Car- 
rier (HYSOLAR) was started in 1986 with the Federal Republic 
of Germany. The first phase of HYSOLAR ended in 1991, focused 
mainly on investigation, test and improvement of hydrogen pro- 
duction technologies, while in the second phase contents, more 
emphasis was laid on hydrogen utilization technologies [13]. The 
SOLARES program was a unique bilateral, international, coopera- 
tive research effort. The US Department of Energy and the Saudi 
Arab National Center for Science and Technology (SANCST) had 
each committed US$50 million to this program, while the Solar 
Energy Research Institute (SERI) in Golden, Colorado, was respon- 
sible for it. 

These joint programs were directed towards projects that 
were of mutual interest to the committed countries involved and 
concentrated on large demonstration projects such as electricity 
generation, water desalination, agricultural applications, and cool- 
ing systems [5]. 

In view of the importance of the need for exact measurements 
of solar radiation, the Saudi Atlas Project was initiated in 1994, 
as a joint R&D project between the ERI and the National Research 
Energy Laboratory (NREL) in the U.S. Twelve locations in the follow- 
ing cities throughout the country were carefully selected: Riyadh, 
Gassim, Al-Ahsa, Al-Jouf, Tabuk, Madinah, Jeddah, Qaisumah, Wadi 
Al Dawasir, Sharurah, Abha, and Gizan. All of these stations are 
connected to a central unit for data collection and all the instru- 
ments are calibrated on a regular basis (at 6-month periods) in 
order to derive reliable and accurate data [5]. In this regard, NREL 
and KACST realized the value of accurate surface solar radiation flux 
measurements for validation of satellite derived surface and atmo- 
spheric solar radiation flux measurements, and is making this data 
available to support validation of satellite data products related to 
the NASA Mission to Planet Earth component of the Earth Science 
Enterprise Earth Observing System (EOS) project to evaluate long 
term climate trends based on measurements from EOS Terra Plat- 
forms. Until April 18, 2000, the data available for the Saudi Network 
stations was quality assessed and flagged based on the use of a sin- 
gle composite calibration factor for the pyranometer deployed at 
each station. As of April 18, 2000, the global horizontal data posted 
for all of 1998 to date has been corrected for the cosine response of 
the individual pyranometer deployed at each station [14]. 

In March 2008, Saudi Arabia’s oil minister, Ali Al-Naimi, stated 
that Saudi Arabia’s strategic plan is to sharpen its solar energy 
expertise, essentially that Saudi Arabia enjoys in the oil industry. Al- 
Naimi advised the French Newsletter Petrostrategies: “One of the 
research efforts that we are going to undertake is to see how we 
make Saudi Arabia a center for solar energy research, and hopefully 
over the next 30-50 years, we will be a major megawatt exporter” 
[4,15]. 

The Kingdom of Saudi Arabia has begun building the first solar- 
powered water desalination plant in 2010, the first step in a 
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three-part program to give significant boost to the development 
of solar energy sector in the country [16,17]. Under the terms of 
an agreement signed last June, Saudi Aramco are to develop a pilot 
solar power plant that will have a capacity of 10 MW and is due 
to come on stream in 2011. Another 20 MW solar power plant is 
due to be built at King Abdullah University of Science and Technol- 
ogy, along with a center devoted to PV technology (Arab states may 
become solar energy exporters). 


3. Energy strategy and policy 


The Science and Technology National Policy draws up the broad 
lines of the future general directions of the science, technology and 
innovation in the Kingdom system of Saudi Arabia, to lay down 
an integrated guidance framework, which will serve as a reference 
basis to ensure the continuation of the system development efforts 
and the enhancement of its performance in the way that achieves 
the objectives sought by the Kingdom, in the long-term. The frame- 
work of this policy consists of principles and bases which define 
its directions, and general goals and objectives. The policy is also 
compliant with the general directions and objectives of the national 
development plans and the different sectorial policies and plans in 
the Kingdom [18]. 

The KACST, which has currently over 2500 employees and is an 
independent scientific organization administratively reporting to 
the Prime Minister, has played a significant role in developing solar 
energy technologies throughout the country since 1977. It is both 
the Saudi Arabian national science agency and its national laborato- 
ries. The science agency function involves science and technology 
policy making, data collection, funding of external research, and 
services such as the patent office [18,19]. 

The strategic objectives of the KACST are listed below [19]. 


(a) A sustained planning mechanism for all scientific disciplines. 

(b) Scientifically knowledgeable and capable government agencies. 

(c) A developed R&D infrastructure with fully functioning centers 
of excellence in all scientific disciplines. 

(d) Strong interaction between the private sector and research cen- 
ters. 

(e) Regional leaders in patent ownership and issuance. Advanced 
incubator systems and output. 

(f) World leaders in strategic technologies including water and oil 
and gas. 

(g) Enhanced interaction networks between all scientific agencies. 


In establishing energy polices, energy strategy is of big impor- 
tance. In this regard, Abaoud and Veziroglu [20] proposed the 
following outline for Saudi Arabia. 


(a) Establishing an energy organization, which may consist of vari- 
ous agencies, i.e., Ministry of Planning, Ministry of Petroleum 
and Mineral Resources, Ministry of Industry and Electricity, 
Petroleum and Petrochemical Companies, Desalination Orga- 
nization and some Research Institutions. 

(b) Conducting an assessment of all possible energy resources. 

(c) Undertaking research and development programs for the 
promising resources. 

(d) Improving the relationship between research institutions and 
industries. 

(e) Choosing the right strategic partners. 

(f) Building energy data banks, including monitoring changes and 
trends in energy resources and technologies. 

(g) Designing models for various energy system options. 


In this context, Reiche [12] investigated energy policies of GCC 
countries (Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the 
United Arab Emirates) in more detail. These countries are major oil 
and natural gas producing countries and hold approximately 40% of 
the world’s proven oil and 23.6% of the world’s proven gas reserves. 
Furthermore, the general perception of the world is that GCC is one 
of the main actors impeding international climate change nego- 
tiations. Per capita, they are also one of the top contributors to 
pollution in the world. In this regard, a switch towards more effi- 
cient use of fossil fuels and an increased share of renewable energies 
would have several benefits for the GCC countries: if the domestic 
use of fossil fuels were reduced, more oil and natural gas could be 
exported. 

In the recent years, the awareness on renewable energy options 
has risen because the country’s oil and gas reserves are deep and 
are not infinite, while Saudi Arabia must use its current wealth 
to prepare for a future with dwindling fossil fuels. In this regard, 
researchers have welcomed a plan by Saudi Arabia to build a new 
renewable-energy “city” as a sign of the oil-rich nation’s commit- 
ment to developing alternative fuel sources. The King Abdullah City 
for Atomic and Renewable Energy (KACARE) will serve as a cen- 
ter for renewables research and for co-coordinating national and 
international energy policy. It is expected that establishment of 
the city will contribute to achieving sustainable development in 
Saudi Arabia through exploiting the science, research and indus- 
try of atomic and renewable energy for peaceful purposes. The 
announcement to create the new city comes just 6 months after 
the official opening of the King Abdullah University of Science 
and Technology (KAUST), which is a multi-billion dollar research 
center with energy and environment among its core research activ- 
ities and has a vision of providing a world-class university that 
can develop, among other things, more sustainable technologies. 
In addition, some universities, such as King Fahd University of 
Petroleum and Minerals (KFUPM), Dhahran and King Saud Univer- 
sity (KSU), Riyadh established a Center of Research Excellence in 
Renewable Energy (CoRE-RE) and Sustainable Energy Technologies 
(SET) Center, respectively. Itis expected that all these relatively new 
establishments will significantly make a contribution to the utiliza- 
tion and development of renewable sources of energy as well as 
rebuilding energy policies in the Kingdom. 

It is also reported that setting up the KACST points out mov- 
ing to a new phase that benefits from the varied and accumulated 
expertise of the Kingdom through the national research centers 
whether in the KACARE that includes the Atomic Energy Research 
Institute, the National Center of Protection from Radiation, the 
Energy Research Institute and the Solar Village in AlOnainia that 
was assigned with this task before or through the universities 
spread out in the Kingdom. All KACST capabilities would be put at 
the disposal of the new city and they would be positively functioned 
to boost the KACST and work together to secure a quick launch to 
this new city the achieve the strategic goals that the government 
has assigned to it [21]. 


4. Lessons learnt from solar energy projects in Saudi Arabia 


Before reviewing the current status of solar energy studies in 
Saudi Arabia, it is very essential to know the lessons learnt from 
implementing various projects in the country. Table 1 lists major 
solar energy-related studies and projects undertaken by the ERI in 
Saudi Arabia over a period between 1981 and 2000 [5,22]. These 
include a wide range of projects such as PV system, solar cool- 
ing/refrigeration, solar hydrogen, solar thermal dishes, solar dryers 
and desalination, solar radiation and wind energy measurements. 
In this regard, the lessons learnt from solar energy during the 
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Table 1 


List of solar energy projects conducted by the ERI, KACST. 
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Period or year conducted Location Description of projects Application purposes 
Type Capacity 
1981-1987 Solar Village PV system 350 kW (2155 MWh) AC/DC electricity for remote areas 
1981-1987 Saudi universities Solar cooling - Developing of solar cooling 
laboratory 
1986-1991 KAU, Jeddah Solar hydrogen 2 kW (50 kwh) Testing of different electrode 
materials for solar hydrogen plant 
1986-1994 Solar Village Solar-thermal dishes 2 pieces, 50 kW Advanced solar stirling engine 
1987-1990 Solar Village PV test system 3kW Demonstration of climatic effects 
1987-1993 Solar Village PV hydrogen production 350 kW (1.6 MWh) Demonstration plant for solar plant 
hydrogen production 
1988-1993 Dammam Energy management in buildings - Energy conservation 
1988-1993 Al-Hassa, Qatif Solar dryers - Food dryers (dates, vegetables, etc.) 
1989-1993 Solar Village Solar hydrogen generator 1 kW (20-30 kWh) Hydrogen production, testing and 
measurement (laboratory scale) 
Since 1990 Solar Village Long-term performance of PV 3kW Performance evaluation 
1993-1995 Solar Village Internal combustion engine - Hydrogen utilization 
1993-1997 Solar Village Solar collectors development - Domestic, industrial, agricultural 
1993-2000 Solar Village Fuel cell development 100-1000 W Hydrogen utilization 
1994-1999 Sadous Village PV water desalination 0.6 m3 PV/RO interface per hour 
1994-2000 12 stations Solar radiation measurement - Saudi solar atlas 
1994-2000 5 stations Wind energy measurement - Saudi solar atlas 
1996 Southern regions of Saudi Arabia PV system 4kw AC/DC electricity for remote areas 
1996 Muzahmia PV in agriculture 4kWp AC/DC grid connected 
1996-1997 Solar Village Solar-thermal desalination - Solar distillation of brackish water 
1996-1998 Solar Village PV system 6kW PV grid connection 
1999-2000 Solar Village Solar refrigeration - Desert application 


Adapted from [5,22]. 


implementation of the projects given in Table 1 have been reported 
by Alawaji [5] as follows: 


(a) In the developing countries, it is not worth spending funds 
on basic research for developing renewable energy sources. 
Instead, such efforts should be directed to finding applications 
of those systems that have already been developed in industri- 
alized nations. 

(b) Investigators dealing with renewable energy have responsibil- 
ities beyond the scientific and technical aspects of research 
and beyond the efforts made for publication of their findings. 
These cover dissemination and utilization of scientific knowl- 
edge gained in laboratories, and interaction with potential users, 
policy makers, planners, and manufacturers. 

(c) Seawater desalination by solar energy is still not cost-effective 
when compared to convention energy sources (gas and oil), as 
implemented in Saudi Arabia. 

(d) Assessment projects on renewable energy resources have 
helped Saudi staff gain valuable experience, especially in var- 
ious fields such as instrumentation, calibration, data collection, 
and monitoring and analysis. 

(e) The solar-thermal dish project revealed that development of 
thermal dishes with a smaller diameter would be more practical 
for remote applications because the operational and mainte- 
nance problems of large-scale dishes are complex and they are 
not cost-effective. 

(f) Hydrogen production by PV systems can be used to store solar 
energy in a convenient form that can subsequently be used at 
a time of need; for example, power generation and domestic 
applications. 

(g) For maintaining an acceptable level of system output, the PV 
array should be regularly cleaned under dusty weather condi- 
tions. 

(h) PV systems have proven cost-effective in Saudi Arabia in sup- 
plying the peak demand of the electricity grid, as well as in 
supplying energy for small loads at remote sites. 


(i) Close contacts and effective interaction need to be maintained 
between centers of R&D and local industry in order to bring the 
new developed product to practice. 

(j) There is aneed to promote proper education and technical train- 
ing on renewable energy applications within academia, as well 
as a need to increase public awareness about the benefits of 
utilizing these sources of energy. 


5. Present status of solar energy studies 


The Kingdom of Saudi Arabia lies between latitudes 31°N and 
17.5°N and longitudes 50°E and 36.6°E. The land elevation varies 
between 0 and 2600 m above the mean sea level. Complex terrain 
is found in the southwest region of the Kingdom. The East and the 
West coasts of the Kingdom are located on the Arabian Gulf and 
Red Sea, respectively. Mainly two seasons, winter and summer, 
are observed during the year. The vast open land experiences high 
intensities of solar radiation and long hours of sunshine duration. 
There exist a network of 40 stations where global solar radiation 
(GSR) and sunshine duration has been recorded since 1970 and 
large number, more than 40, of full meteorological data collection 
stations where all meteorological parameters have been recorded 
[22]. 

A reasonably accurate knowledge of the availability of the solar 
resource at any place is required by solar engineers, architects, agri- 
culturists, and hydrologists in many applications of solar energy 
such as solar furnaces, concentrating collectors, and interior illu- 
mination of buildings [23]. In other words, solar radiation data 
are a fundamental input to solar energy applications, such as PV, 
solar-thermal systems and passive solar design. The data should be 
reliable and readily available for simulation, design, optimization 
and performance assessment of various solar technologies at any 
particular location. Unfortunately, in many developing countries, 
solar radiation measurements are not easily available because of 
not being able to afford the measuring equipments and techniques 
involved. It is, therefore, necessary to develop methods for estimat- 
ing the solar radiation on the basis of the more readily available 
meteorological data [24]. 
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Some academical research studies conducted on solar energy in Saudi Arabia along with recent centers/programs established. 


Institution Location Research Study 

King Fahad University for Dhahran Heliohydroelectric power generation, possibilities of extraction of magnesium chloride 

Petroleum and Minerals from sea water, estimation of solar insolation isolines in Saudi Arabia, solar energy 
storage, fuel cells, PVs, solar housing, solar water heating, solar collectors, solar cooling, 
solar-powered irrigation, hydrogen production, economics of solar energy, electrical 
infrastructure and control system used for solar energy 

King Saud University Riyadh Solar water desalination, solar water heating, space heating, crop drying, space cooling, 
solar housing, solar collectors, solar cooling, solar greenhouse, solar energy education, 
hydrogen production, biomass 

King Faisal University Al-Hassa Passive solar cooling 

King Abdulaziz University Jeddah Solar pump, solar desalination, solar cookers, solar drying, solar collectors, solar stills, 
participated in R&D work as part of HYSOLAR Program 

Taibah University Medina Assessment of solar radiation data 

Name Location Main research branches 


Recent Research Centers/Programs 

Center of Research Excellence in 
Renewable Energy (CoRE-RE), 
established in 2007 
http://corere.kfupm.edu.sa/ 

Solar and Photovoltaic Engineering 
Research Center 
http://www.kaust.edu.sa/research/centers/ 
solar.html?submenuheader=0 
Sustainable Energy Technologies 
Program (SET), established in 2010 
http://set.ksu.edu.sa/English/Events.aspx 
Center for Clean Water 

and Clean Energy at MIT and KFUPM 
http://engineering.mit.edu/research/ 
labs_centers_programs/kfupm.php 


King Fahad University for 
Petroleum and Minerals (KFUPM), 
Dhahran 


and Technology (KAUST), Thuwal 


King Saud University, Riyadh 


A research and educational 
partnership between faculty in 
MIT’s Department of Mechanical 
Engineering and KFUPM. The joint 


program will lead to the creation of 


the Center for Clean Water and 
Clean Energy at MIT and KFUPM. 


King Abdullah University of Science 


Hydrogen, methanol & fuel cell, solar & wind, advanced energy storage 
branch, electrical infrastructure & control systems, and economics of 
renewable energy 


Providing the foundation for innovation in efficient and low-cost 
disruptive photovoltaic (PV) foundational technologies; 
nanotechnology for solar energy, advanced molecular PVs, etc. 


Wind energy, solar energy, hydrogen energy, nuclear energy, 
desalination and biomass. 


PV power including silicon and polymer devices and systems, 
desalination of seawater by advanced membranes and by thermal and 
solar power, applications of nanotechnology to solar and 
thermoelectric energy conversion, design and manufacturing of solar 
power systems and desalination systems. 


Modified and updated from Ref. [6]. 


Practical uses of solar energy in Saudi Arabia include lighting, 
cooling, cooking, water heating, crop/fruit drying, water desali- 
nation, operating irrigation pumps and meteorological stations, 
and providing road and tunnel lighting, traffic lights, road instruc- 
tion signals, etc. These practical applications made over a period 
between 1981 and 2000 have been explained in more detail else- 
where [5,6], while we will focus on the studies conducted by various 
research centers and investigators in this context. Table 2 indi- 
cates some academical research studies conducted on solar energy 
in Saudi Arabia [6]. As can be seen in this table, various solar 
energy-related R&D studies have been conducted by a number of 
Saudi universities, while solar energy projects have also been sup- 
ported by other governmental and nongovernmental organizations 
throughout Saudi Arabia. 

Studies conducted on estimating the solar radiation and 
exergy in Saudi Arabia are also listed in Table 3 [24,26,27, 
29-38,40-42,44,47-52,54] and summarized in the following. 


5.1. Solar radiation resources, global solar radiation (GSR) and 
sunshine duration 


Saudi Arabia experiences more than an average GSR value of 
2.0 MWh/m yearly on horizontal surface. Fig. 1 illustrates the long- 
term mean values of sunshine duration and GSR on horizontal 
surfaces at 41 locations of the country [22]. Depending on these 
geographical locations, the yearly average minimum and maximum 
GSR values vary from 1.63 MWh/m? to 2.56 MWh/m? at Tabuk and 
Bisha, respectively. It is clear from Fig. 1 that higher values of GSR 
are observed in the areas of Nejran, Bisha, Al-Sulayyil, etc., located 
in the Southern most part of Saudi Arabia, while relatively lower 
values are in the Northern region, such as Hail, Sakaka, and Tabar- 
jal. By comparison, the lower values are much higher than those in 


other Western and European countries, offering an opportunity to 
harness the power of the sun for generating electricity. The East- 
ern and the Western parts of Saudi Arabia also experience higher 
intensities of global solar radiations and hence should be explored. 
Fig. 2 shows the seasonal variation values of global solar radiation, 
which were obtained from 41 locations indicated in Fig. 1 using 
monthly mean values [22]. As seen from this figure, the lower radi- 
ation values are observed in the Winter months, while the higher 
ones are in the Summer months, with the daily minimum and max- 
imum values of 3.82 kWh/m? and 7.09 kWh/m? in the months of 
December and June, respectively. Shaahid and Elhadidy [25] also 
analyzed hourly wind-speed data recorded at automatic solar radi- 
ation and meteorological monitoring station, Dhahran (26°32’N, 
50°13’E), Saudi Arabia, to determine monthly wind power. They 
also compared the wind power with the monthly mean solar radi- 
ation energies for the period 1987-1990 while the daily solar 
radiation varied from 3.46 to 7.43 kWh/m? and the yearly annual 
solar potential per unit area of the earth surface was 2.03 MWh/m2. 

A survey of the existing literature on the issue related to Saudi 
Arabia reveals mainly two distinctive approaches for estimating 
the global solar radiation, namely (i) the first one is related to 
utilizing various empirical models (or correlations) developed in 
order to estimate the solar radiation and (ii) the second one has 
more recently been introduced, while includes artificial intelli- 
gence techniques such as artificial neural networks (ANNs). This 
ANN technique has been widely accepted as a computational 
approach offering an alternative way to modeling complex map- 


pings. 


5.1.1. Estimation of solar radiation using geostatistical technique 
The term geostatistics is widely applied to a set of data, which 
accounts for spatial continuity using statistics, while it is a useful 


Table 3 
Studies conducted on estimating the solar radiation and exergy in Saudi Arabia [24,26,27,29,30-38,40-42,44,47-52,54]. 


Investigators Year published Location Estimating the solar radiation Solar exergy Remarks 
Geostatistical Empirical correlations Artificial intelligence 
technique techniques 
Rehman and Ghori [26] 2000 41 various locationsin / The spatial variation of GSR data was 
Saudi Arabia studied, while the mean percent deviations 


between the measured and estimated 
values varied between 0.5% and 1.7%. 

Sabtagh et al. [27] 1973 Riyadh a: Correlation of solar radiation and sunshine 
duration was developed using data from 
three Stations. 

Sabtagh et al. [29] 1977 Saudi Arabia and other af The daily GSR at various places in Egypt, 

countries Kuwait, Lebanon, Sudan and Saudi Arabia 
was estimated using sunshine hours, 
maximum air temperature, latitude and 
relative humidity. 

Bakhsh et al. [30] 1985 Dhahran af A simple correlation for estimating the 
hourly ratio of diffuse to total radiation 
received by a horizontal surface was 
developed. They compared their 
correlation developed and compared with 
the existing models for hourly diffuse 
radiation fraction. 


Bahel et al. [31] 1986 11 cities in Saudi aff A linear correlation between GSR and 
Arabia sunshine duration was developed. 
Abdelrahman and Elhadidy 1986 Dhahran af Three models for calculating the total 
[32] radiation on inclined surfaces were 


developed and compared based on the 
measurements over the period March 1984 
to April 1985. 


Al Mahdi et al. [33] 1992 Riyadh, Abu Dhabi, PY A statistical assessment of the accuracy of 
Bahrain, Doha and 12 solar radiation models was made. Of 
Kuwait these, 6 were the regression type, in which 


the measured global radiation was 
correlated with the sunshine hours and 
other meteorological parameters. The 
other 6 models were based on the 
calculation of clear sky radiation and the 
effects of cloud amount and sky 


transmittance. 
Zuhairy and Sayigh [34] 1995 Riyadh, Jeddah, aff A mathematical model was used to 
Dhahran and Taif generate the hourly data for the total solar 


radiation on a horizontal surface using the 
hourly recorded visibility data for a period 
from 1970 to 1989. The accuracy was 
above 90% representative. 

Rehman and Halawani [35] 1997 52 cities in 11 countries aff The empirical correlation given in Eq. (1) 
was used to estimate monthly mean daily 
GSR in 52 cities. 

Rehman [36] 1998 41 various locations in i A comparison between models developed 

Saudi Arabia by the present authors and 16 other 

models for different geographical and 
varied meteorological conditions was 
made. 
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Table 3 (Continued) 


Investigators 


Year published 


Location 


Estimating the solar radiation 


Geostatistical 
technique 


Empirical correlations 


Artificial intelligence 
techniques 


Solar exergy 


Remarks 


Al-Ayed et al. [37] 


Rehman [38] 


Aksakal and Rehman [40] 


Benghanem and Joraid [41] 


Maghrabi [42] 


El-Sebaii et al. [44] 


El-Sebaii et al. [24] 


Mohandes et al. [47] 


Mohandes et al. [48] 


Rehman and Mohandes [49] 


1998 


1999 


1999 


2007 


2009 


2009 


2010 


1998 


2000 


2008 


Riyadh 


41 various locations in 
Saudi Arabia 


Near Dhahran 


Medina site 


Tabouk 


Jeddah 


Jeddah 


41 various locations in 


Saudi Arabia 


41 various locations in 
Saudi Arabia 


Abha 


v 


The relationship of the daily and monthly 
variation of the fraction of the diffuse solar 
irradiation to extraterrestrial (Hg/Ho) and 
the clearness index (H/Ho) was developed. 
The models of Eq. (3) and Khogali et al. [34] 
given in Eq. (4) presented the best 
estimates of H. 

GSR values were estimated using two 
empirical formulas. The agreement 
between the measured and estimated solar 
radiation values was satisfactory. 
Correlations between diffuse and global 
irradiation and sunshine duration were 
developed using a database available at the 
National Renewable Energy Laboratory 
(NREL) website for 5 years since 1998 until 
2002. 

A multiple regression relation based on 

9 years of solar radiation data to estimate 
the GSR for Tabouk using five 
meteorological variables was developed 
Various correlations were developed based 
on the fraction (H/Ho), sunshine fraction 
(S/So) and other meteorological 
parameters, such as mean Ta, maximum 
Tamax and minimum Ta min ambient 
temperatures as well as humidity Rp and 
cloud cover Cy using the whole date over 
the period 1996-2006. 

The same meteorological variables given in 
Ref. [39] were used based on the period 
1996-2007, while the diffuse fraction 
(Hq/H) and diffuse transmittance (Hg/Ho) 
were correlated. 

There was a relatively good agreement 
between the observed and predicted 
values and hence the method introduced 
was viable. 

The radial basis functions technique was 
used to estimate monthly mean daily 
values of solar radiation falling on 
horizontal surfaces. 

The data for 240 days in 2002 were used to 
test the performance of the ANN system, 
while it was concluded that neural 
networks were well capable of estimating 
diffuse solar radiation from temperature 
and relative humidity. 
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Six various ANN models were developed to 


2002 was used to test the performance of 
estimate and model daily global solar. 


data between 1998 and 2002 for training 
the ANN system. 


the neural networks and the remaining 
250 days’ data from 2002 as testing data, 


The analysis was based on the measured 
while the data for 250 days in the year 


Remarks 


Solar exergy 


Artificial intelligence 


techniques 


Empirical correlations 


Estimating the solar radiation 


Geostatistical 
technique 


Location 
Abha 
Al-Madinah 


Year published 


2009 
2009 


Rehman and Mohandes [50] 


Investigators 
Benghanem et al. [51] 
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tool for evaluating, estimating, and studying spatial characteris- 
tics of a regionalized variable. The technique consists of five steps, 
namely: (i) data collection, (ii) univariate analysis, (iii) experimen- 
tal variogram calculations and model fitting, (iv) estimation using 
kriging, and (v) plotting contour maps. In this regard, Rehman and 
Ghori [26] utilized the geostatistical technique to estimate solar 
radiation in Saudi Arabia by studying the spatial variation of GSR 
data. Variogram models were fitted to measured variograms for 
each month of the year. These values were used to plot the con- 
tour maps of solar radiation for each month of the year. To test the 
performance of the technique, estimates were obtained at the 41 
known locations by systematically excluding one of these points 
from the known data. Kriged estimates were computed for each 
point on a regular grid covering the whole of Saudi Arabia. The 
whole area was divided into 30 x 50 grid points, thus providing 
estimates every 33 km on longitude and 55 km on latitude. These 
kriged estimates of GSR on horizontal surface and extraterres- 
< trial radiation (H/Họ) were used to plot a contour map for each 
month. Fig. 3 illustrates contour maps where spatial variation of 
ratios of estimated and extraterrestrial radiation over Saudi Ara- 
bia in the months of January and February is indicated [26]. In 
general, the radiation maps indicate clearly the locations of highs 
and lows over the year. The seasonal trend, with lower values of 
H/Ho in winter months (December-March) and higher in summer 
months (April-November), is also depicted in these maps. Based 
on the results obtained, the difference between the measured and 
estimated values using this technique was minimal. The mean devi- 
ation between the measured and estimated values varied from a 
maximum of 0.0037 in January to a minimum of 0.0013 in March 
and October, whereas the mean percent deviations were found to 
vary between 0.5% and 1.7%. 


stand-alone PV system in order to show the 
effectiveness of the developed RBF-model. 
The ratios of solar radiation exergy to solar 
radiation energy (exergy-to-energy ratio) 
were obtained to be on average 0.933 for 
Spanner [53] and 0.950 for Jefer’s approach 
[54] at outside air temperatures between 
16.18 and 33.01 °C. 


The ANN models reported in Ref. [24] was 
both approaches of Petela [51,52] and 


Radiation, while the data were available 
from 1998 to 2002 at the NREL website. 
applied for estimating the sizing of a 


5.1.2. Estimation of solar radiation using empirical correlations 

As far as other studies on estimating the solar radiation using 
empirical correlations in Saudi Arabia are concerned, Sabtagh et al. 
[27] used the average hours per month of sunshine S using data 
from three Stations as follows: 


H = S(a + bLnm) (1) 


where a and b are correlation coefficients, while m = 1,2,3,4,5,6 [28]. 

Sabbagh et al. [29] estimated the daily GSR at various places 
in Egypt, Kuwait, Lebanon, Sudan and Saudi Arabia using sunshine 
hours, maximum air temperature, latitude and relative humidity as 
follows: 


5 R0333 1 
H =1.53K exp E Ç 100 z) j 


where K is the geographical factor, L; is the latitude of location, S is 
the monthly mean sunshine duration, Rp is relative humidity and 
Tmax is the monthly mean of maximum air temperature. 

Bakhsh et al. [30] presented a simple correlation for estimating 
the hourly ratio of diffuse to total radiation received by a horizon- 
tal surface using insolation measurements made at Dhahran, Saudi 
Arabia. They compared their correlation developed with the exist- 
ing models for hourly diffuse radiation fraction and obtained a good 
agreement. 

Bahel et al. [31] used an Eppley Normal Incidence Pyrheliome- 
ter to measure the duration of the bright sunshine for Dhahran 
between May 1979 and July 1985, while they derived a linear cor- 
relation between the monthly average daily GSR and the sunshine 
duration. They also used their correlation to estimate the GSR for 
11 cities in Saudi Arabia and found a maximum of 10% difference 


Northeastern Saudi 


Al-Madinah 
Arabia 


2011 
2010 


Benghanem and Mellit [52] 
Hepbasli and Alsuhaibani [54] 
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Fig. 1. Long-term mean values of sunshine duration (S) and global solar radiation (H) on horizontal surfaces in various locations of Saudi Arabia. 


Modified from Ref. [22]. 


between the measured and estimated values of H for Qatif. Their 
correlation is as follows: 


H S 
m” 0.175 + 0.552 (=) (3) 

Abdelrahman and Elhadidy [32] used the total radiation data 
measured at Dhahran, Saudi Arabia, on a surface inclined at 26° 
from the horizontal for the period March 1984 to April 1985 to test 
three models (one isotropic model and two anisotropic models) for 
calculation of total radiation on inclined surfaces. They also used 
the total and diffuse radiation measured on a horizontal surface 
to make calculations with these models, while they compared the 
models on the basis of the statistical error tests using the root mean 
square error (RMSE) and the mean bias error (MBE). The RMSE var- 
ied between 0.399% and 5.578%. It was concluded that for hot-arid 
areas, the isotropic model was more accurate for tilt angle values 
around the latitude of the location. 

Al Mahdi et al. [33] made a statistical assessment of the accu- 
racy of 12 solar radiation models for five meteorological stations 
in Abu Dhabi, Bahrain, Doha, Kuwait and Riyadh using RMSE and 
MBE. Of these, 6 were the regression type, in which the mea- 
sured global radiation was correlated with the sunshine hours and 
other meteorological parameters. The other 6 models were based 
on the calculation of clear sky radiation and the effects of cloud 
amount and sky transmittance. The obtained results indicated some 
inconsistency of published data for Abu Dhabi, Bahrain and Doha 
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Fig. 2. Seasonal variation of global solar radiation over Saudi Arabia. 
Modified from Ref. [22]. 


stations, while using Kuwait and Riyadh stations as a basis for 
the assessment, two models were recommended for estimating 
the monthly average daily and hourly global radiation for these 
places. 
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Fig. 3. Contour maps showing spatial variation of ratios of estimated and extrater- 
restrial radiation over Saudi Arabia in January (a) and February (b) [26]. 
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Zuhairy and Sayigh [34] used a mathematical model to generate 
the hourly data for the total solar radiation on a horizontal surface, 
while their generated data were based on the hourly recorded vis- 
ibility data for a period from 1970 to 1989. They applied the model 
year technique for modeling the 20 years of hourly data of solar 
radiation into one statistically representative year. A model year of 
hourly data was then generated for the beam and diffuse compo- 
nents of solar radiation on a horizontal surface. Similarly, a model 
year of hourly data was also generated for the total solar radia- 
tion on tilted surfaces with different orientations with its beam, 
diffuse and reflected components. A simple methodology was pro- 
posed to calculate the solar radiation on vertical surfaces based 
on a solar impact factor. Monthly means and daily totals of hourly 
sums for each month of the year were discussed while the hourly 
data of solar radiation for a typical day for each month of the year 
were given. The data generated covered the four climatic zones of 
Saudi Arabia, the hot-dry (Riyadh), the warm-humid (Jeddah), the 
maritime inland desert climate (Dhahran) and the upland climate 
zone (Taif). The accuracy of the results was found to be above 90% 
representative. 

Rehman and Halawani [35] made a comparison between the 
observed and estimated values of GSR on horizontal surfaces 
obtained from their linear Angstrom type of correlation developed 
previously for 52 cities spread in 11 countries; two in India, five 
in Egypt, four in Sri Lanka, six in Spain, three in Zimbabwe, five in 
Yemen, 14 in Sudan, three in Italy, six in Zambia, one in Hong Kong 
and three in Malaysia. They utilized the mean bias error (MBE), 
mean absolute bias error (MABE), root mean square error (RMSE), 
and mean percent error (MPE) to test the performance of the cor- 
relation developed. Their model was capable of giving estimates 
within an acceptable mean percent error of 5% and less for 33% of 
cities and between 5 and 10% for 50% of cities. 

Rehman [36] made a comparison between models developed by 
the present authors and 16 other models for different geographical 
and varied meteorological conditions. He tested the performance of 
the models developed using the mean bias error (MBE), root mean 
square error (RMSE), mean percentage error (MPE), and mean abso- 
lute bias error (MABE). The calculations of these models were based 
on monthly mean, measured daily and estimated values of total 
solar radiation for 41 locations in Saudi Arabia. It was reported that 
the latitude, longitude, altitude, and sunshine-duration-dependent 
model given in Eq. (4) produced the best estimates for global solar 


radiation. 


= = —0.3346 + 0.558 cos @ + 0.20 cos y + 0.006 h + 0.3809 (3 ) (4) 
0 0 


The second- and third-best estimates were obtained from his 
linear model and other models given in Eqs. (3) and (4), respec- 
tively, as also reported elsewhere [37]. 


H L 0.3465 +0.352 ( 3 ) (5) 
0 So 

H 5 

Fig = 9:35 -+ 0.36 (=) (6) 


The frequency distribution analysis indicated higher frequen- 
cies in lower error intervals for the models of Eqs. (4) and (5). Hence, 
these models were recommended for estimating H in Saudi Arabia. 

Al-Ayed et al. [37] determined the regression coefficient of the 
well-known Angstrom correlation for Riyadh, Saudi Arabia. They 
developed the relationship of the daily and monthly variation of the 
fraction of the diffuse solar irradiation to extraterrestrial (Hg/Ho) 
and the clearness index (H/Ho). The variation of the values of the 
average daily GSR against the month of the year was reported. The 
daily diffused ratio and the daily clearness index were also shown 
as a function of the month of the year. 

Rehman [38] utilized monthly mean daily values of global solar- 
radiation and sunshine duration at 41 locations in Saudi Arabia, 
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Fig. 4. Comparison between measured and estimated monthly mean global solar 
radiation on horizontal surfaces [40]. 


while he developed an empirical correlation for estimating the 
GSR at locations where it was not measured. He also compared his 
present correlation with other models developed under different 
geographical and varied meteorological conditions. In the compar- 
isons, standard statistical tests, namely MBE, RMSE, MPE and MABE 
tests. The errors were calculated using monthly mean daily mea- 
sured and estimated values of GSR at all 41 locations. The present 
model of Eq. (3) with MBE = —0.015, RMSE=0.595, MPE = 10.02% 
and MABE =0.533 presented the best estimates of H. The second 
best estimates were obtained from the model of Khogali et al. [39] 
given in Eq. (4), with MBE =0.067, RMSE = 0.593, MPE = 10.20% and 
MABE = 0.533. Hence, this correlation should be used for the esti- 
mation of global solar-radiation in Saudi Arabia. 

Aksakal and Rehman [40] performed solar radiation measure- 
ments based on the real time high-resolution measurements (i.e., 
from the 1-min averaged measurements for one complete year), 
in the Arabian Gulf Coast near the city of Dhahran. They obtained 
the highest measured daily, and monthly mean solar radiation val- 
ues of 240 and 217 W/m?, respectively, while they observed the 
highest 1-min averaged solar radiation values up to 1183 W/m? in 
the summer season, from May-September. The highest hourly solar 
radiation value was recorded as 1053 W/m? in the middle of June. 
Besides the GSR measurements, the main observed meteorological 
parameters considered were temperature, pressure, wind speed, 
precipitation, and relative humidity. Fig. 4 illustrates the estimated 
monthly GSR values using the empirical formula given below [40]: 


20Z 


1+0.1¢ 


where ¢@ is the latitude of the monitoring station, Z is the maximum 
possible daylight hours and y is the monthly averaged relative 
humidity factor. 

As seen in Fig. 4, the agreement between the measured and esti- 
mated solar radiation values was satisfactory. The monthly GSR 
values reach their peak values during the summer “May-July” 
and low values during the winter “November-January”. It was 
also reported that somehow the cloud coverage and precipitation 
amount should be considered and incorporated in the empirical for- 
mula in order to minimize the differences between the measured 
values and estimated solar radiation. 

Benghanem and Joraid [41] developed the correlation between 
diffuse and global irradiation and sunshine duration in Medina site, 
in Saudi Arabia, while they used a database available at the NREL 
website for 5 years since 1998 until 2002. A typical meteorologi- 
cal year was built from this database. The correlation connecting 
diffuse irradiation with both clearness index and sunshine dura- 
tion was found to be applicable in Medina site, while a linear 
correlation between ambient temperature and global irradiation 


Ho = (1.75 — 0.4586) ( + cos 0) (7) 
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data was obtained from sunrise until midday with a good agree- 
ment. 

For Medina site, the correlations between global irradiation and 
sunshine duration for winter and summer with coefficients of cor- 
relation (R) of 0.79 and 0.78 are as follows, respectively. 


H SS 

Ke = pe = -0.39 + 1.28 (=) (8) 
H SS 

Kt = j = -0.38-+ 1.33 (=) (9) 


where K; is the clearness index, H is the global irradiation on hori- 
zontal surface and SS is the sunshine duration [41]. 

For Medina site, the correlations between diffuse irradiation 
and global irradiation for winter and summer with coefficients of 
correlation (R) of 0.85 and 0.76 are as follows, respectively. 


Hp He 
D = 1.20 1.47 (F) (10) 
Hp Hg 

(Fp) =1.13 1.32 (FE) (11) 


where Hp is the diffuse irradiation on horizontal surface [41]. 

Benghanem and Joraid [41] also reported that Eqs. (8) and (9) 
had the same correlation coefficient R~0.79 and practically the 
same coefficients of linear regression. This meant that the relation 
between global irradiation and sunshine duration depended on the 
season in Medina site. Eq. (10) had the best correlation coefficient 
than Eq. (11) and hence the effect of the diffuse irradiation was 
more important in winter than in summer in Medina site. 

Maghrabi [42] developed a multiple regression relation based on 
9 years of solar radiation data to estimate the GSR for Tabouk using 
five meteorological variables. These included the mean monthly 
daily fraction of possible sunshine hours (S/S), air temperature 
(Ta), atmospheric pressure (Pat), perceptible water vapor (PWV) and 
relative humidity (Rp). The multiple regression developed between 
the GSR (H) and these parameters is given below: 


H = 163.01 — 1.04 (3 


) $0.12 0.21Pat — 1.06PWV — 0.03Ry, 
0 


(12) 


The estimated global radiation from the model was com- 
pared with the measured values using MBE, R, RMSE and 
MPE, while the t-statistics were also applied as another indi- 
cation of suitability. The statistical test values calculated are: 
R=0.99, MBE=—14x 10-4kWh/m?, RMSE=0.10kWh/m2, and 
MPE = —0.03%. It was reported hat the model developed in this work 
was applicable for estimating, with great accuracy. The monthly 
mean daily global radiation at any site having similar conditions 
to those found in Tabouk. 29 regression models available in the 
literature were also used to estimate the GSR data for Tabouk. 
The selected models were different in terms of the variables they 
used and in the number of the variables they contained. The 
models were compared on the basis of the statistical errors con- 
sidered above. Apart from Abdall’s model [43], which showed 
a reasonable estimate (MPE = -—2.04%, MBE=—0.22 kWh/m2, and 
RMSE=0.59kWh/m2), all the models under or overestimated 
the measured solar radiation values. According to the statisti- 
cal results, the model of Abdall showed the prediction closest 
to those estimated using the developed model. These statistical 
parameters indicated that the model, with these selected vari- 
ables, could be used to estimate the monthly GSR with fairly 
high accuracy in Tabouk and in other places having similar con- 
ditions. 

El-Sebaii et al. [44] analyzed and calculated the monthly average 
daily values of the meteorological data for Jeddah in Saudi Arabia. 


Their correlations developed were based on the fraction (H/Ho), 
sunshine fraction (S/Sg) and other meteorological parameters, such 
as mean Tg, maximum Ta,max and minimum Ta, min ambient temper- 
atures as well as humidity R, and cloud cover Cy, as listed below 
with coefficients of determination (R2) of 0.974, 0.985, 0.986,0.963, 
0.974 and 0.996, respectively. 


H S 

Ho = 7281-3-78 (=) 13) 
H S 

Fg = 71:92 + 2.60 (=) 0.006T, 14) 
H S 

Ag = 7162+224 (=) 0.332Rp 15) 
H 

Fz = 0.139 — 0.003T + 0.896Rp 16) 
0 

H S 

Hp = 72-76 3.72 (=) + 0.001Cw 17) 

a = —0.08 + 0.21 (Ta, = Ta. min)?” — 0.012Cw 18) 
0 


The whole data over the period 1996-2006 were divided into 
two sets. The sub-data set I (1996-2004) were employed to develop 
empirical correlations between the monthly average of daily GSR 
fraction (H/Ho) and various meteorological parameters. The non 
linear Angstr6m type model developed by Sen [45] and the trigono- 
metric function model proposed by Bulut and Büyükalaca [46] were 
also evaluated. The sub-data set II (2005, 2006) were then used to 
evaluate the derived correlations. Comparisons between measured 
and calculated values of H were made. The models proposed by 
Sen [45], and Bulut and Biiyiikalaca [46] satisfactorily described 
the horizontal GSR for Jeddah. Comparisons between measured 
and calculated values of H indicated that first order correlations 
between H/Hp, S/So and combinations of the other climatic param- 
eters could be used for estimating H with relative percentage errors 
for a single month less than 15%. All the proposed correlations were 
found to be able to predict the annual average of daily GSR with 
excellent accuracy. Therefore, the long term performance of solar 
energy devices could be estimated. 

El-Sebaii et al. [24] analyzed the measured data of global and 
diffuse solar radiation on a horizontal surface, the number of 
bright sunshine hours, mean daily ambient temperature, maxi- 
mum and minimum ambient temperatures, relative humidity and 
amount of cloud cover for Jeddah, Saudi Arabia, during the period 
(1996-2007). They calculated the monthly averages of daily values 
for these meteorological variables and divided the data into two 
sets. The sub-data set I (1996-2004) were employed to develop 
empirical correlations between (H/Hg) and the various weather 
parameters, while the sub-data set II (2005-2007) were used to 
evaluate the derived correlations. The total solar radiation on hor- 
izontal surfaces was also separated into the beam and diffuses 
components. In order to develop empirical correlations for calcu- 
lating the monthly average daily diffuse radiation incident on a 
horizontal surface, the diffuse fraction (Hg/H) and diffuse trans- 
mittance (Hy/Ho) were correlated to first, second and third order 
correlations of the clearness index Kt and the relative number of 
sunshine hours (S/So). It was reported that the second and third 
order correlations did not improve the accuracy of estimation of 
Hg and hence the following correlations were obtained for Jeddah 
with Rĉ values of 0.956, 0.899, 0.908 and 0.961, respectively. 


Ha 


H= 4.618 — 6.269K; (19) 
Ha S 
H= 5.488 — 5.672 (=) (20) 
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Ha S 
H = 3-542 -3.664 (=) (21) 
Ha 
Hd _ 2.973 — 4.037K; (22) 
Ho 


Hq/H and Hg/Ho were also correlated to first and second order cor- 
relations of the K; and S/Sg combination. It was obtained that the 
second order correlations between H,/H or Hq/Ho and Kt and S/So 
combination did not improve the accuracy of estimation of Hg. The 
following correlations were found to fit the measured data of Hg 
with R2 values of 0.963 and 0.965, respectively [24]. 


Ha _ 4 609 — 6.318K; + 0.047 (=) (23) 
H So 
Ha = 3.002 — 3.882K, — 0.150 ( $) (24) 
H So 


5.1.3. Estimation of solar radiation using artificial intelligence 
techniques 

On the base of the studies conducted on artificial intelligence 
techniques, Mohandes et al. [47] introduced neural networks tech- 
nique to model and estimate global solar radiation. They used the 
available data from 31 locations to train the neural networks and 
the data from other 10 locations to test. The testing data were not 
utilized in the modeling to give an indication of the performance of 
the system in unknown locations. It was concluded that there was 
a relatively good agreement between the observed and predicted 
values and hence the method introduced was viable. 

Mohandes et al. [48] also utilized the radial basis functions tech- 
nique for the estimation of monthly mean daily values of solar 
radiation falling on horizontal surfaces, while they compared its 
performance with that of the multilayer perceptrons network and 
a classical regression model. Solar radiation data from 41 stations 
that were spread over Saudi Arabia were used. The solar radiation 
data from 31 and 10 locations were used to train the neural net- 
works and to test he estimated values. The testing data were not 
used in the modeling or training of the networks to give an indi- 
cation of the performance of the system at unknown locations. It 
was concluded it demonstrated the concept although their data 
sample was relatively small, representing only 1year from each 
of 32 locations, Adding data would further improve the models’ 
performances due to the ANNs methods depend on learning from 
examples. 

Rehman and Mohandes [49] used the values for the measured 
daily mean air temperature and relative humidity between 1998 
and 2001 for Abha city in Saudi Arabia to predict diffuse fraction 
of solar radiation in future time domain using the ANN method. 
They estimated the diffuse solar radiation using four combinations 
of data sets, namely (i) day of the year and daily maximum air tem- 
perature as inputs and diffuse solar radiation as output, (ii) day of 
the year and daily minimum air temperature as inputs and diffuse 
solar radiation as output, (iii) day of the year and daily mean air 
temperature as inputs and diffuse solar radiation as output, and 
(iv) time day of the year, daily mean air temperature, and rela- 
tive humidity as inputs and diffuse solar radiation as output. They 
used data for 240 days in the year 2002 to test the performance of 
the ANN system. They concluded that neural networks were well 
capable of estimating diffuse solar radiation from temperature and 
relative humidity, while these could be used to estimate diffuse 
solar radiation for locations where only temperature and humidity 
data were available. 

The results indicated that using the relative humidity along with 
daily mean temperature outperformed the other cases with abso- 
lute mean percentage error of 4.49%. The absolute mean percentage 
error for the case when only day of the year and mean temperature 
were used as inputs was 11.8% while when maximum temperature 


was used instead of mean temperature was 10.3%. Rehman and 
Mohandes [50] also used the same ANN methodology explained 
given in Ref. [49], while their analysis was based on the mea- 
sured data between 1998 and 2002 for training the neural networks 
and the remaining 250 days’ data from 2002 as testing data. They 
used data for 250 days in the year 2002 to test the performance of 
the ANN system. They concluded that neural networks were well 
capable of estimating diffuse solar radiation from temperature and 
relative humidity, while these could be used to estimate diffuse 
solar radiation for locations where only temperature and humidity 
data were available. 

Benghanem et al. [51] developed six ANN-models for estimat- 
ing of solar radiation in Al-Madinah, Saudi Arabia, while they 
used different combination as inputs: the air temperature, relative 
humidity, sunshine duration and the day of year. They compared 
measured daily GSR with those obtained by the different designed 
ANN-models. For each model, the output was the daily global solar 
radiation. 

In order to show the potential of the proposed ANN-models, 
a comparative study between designed ANN-models and con- 
ventional correlation models was made. Therefore, the models 
developed for Al-Madinah with R values of 97.28%, 97.48%, 89.50% 
and 86.59%, are as follows, respectively [51]: 


H S 
Hig = —0.3824 + 0.2786 (=) 25) 
H S S4? 

Fp = 0.1166- 0.2202 ( È) +1.0723( =) 26) 
H _ 0.6369 0.037 ( Ta ) 27) 

0 a,max 

H _ 0.7556 —0.1353 ( _—® 28) 
Ho h,max 


The ANN models with R values of 97.44%, 97.65%, 97.54%, 89.20%, 
87.00% and 88.99% are developed are as follows [51]: 


H =f(t,S) 29) 
H =fi(t,S,T) 30) 
H =f(t,S,T, Rp) 31) 
H = f(t, T) 32) 
H=f{(t, Rn) 33) 
H =f(t,T, Rp) 34) 


Comparing the different ANN-models (Eqs. (29)-(34)) with con- 
ventional regression models (Eqs. (25)-(27)) indicated that the 
second model, with S and T as inputs presented better accurate 
results than others ANN-models done by Benghanem et al. [51]. 
All models also indicated low MBE values. For most of the mod- 
els, the MBE values were comparable to the experimental error for 
the ANN-models proposed by their research and it could not be 
considered as decisive for the prevalence of any one of the models. 

Obtained results also indicated that the second ANN-model 
(ANN-ST model) had better accurate results than the others ANN- 
models. However, for each developed ANN-models, R was grater 
than 97%. Only one hidden layer was sufficient to estimate the daily 
GSR from other parameters, and the number of neurons in the hid- 
den layer was arranged between three and five neurons. It was 
reported that the sunshine duration played very important role for 
obtaining high accurate results, while the ANN-models which used 
only the air temperature and day of year as inputs could give a good 
results to the others models from the R point view. 

Benghanem and Mellit [52] also used radial basis function (RBF) 
network to model and predict the daily GSR data using other 
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meteorological data such as air temperature, sunshine duration, 
and relative humidity. These data were recorded over a period 
between 1998 and 2002 at Al-Madinah (Saudi Arabia) by the NREL. 
Four RBF-models have been developed for predicting the daily 
global solar radiation. The measured daily GSR was compared with 
those estimated using different designed RBF-models. An appli- 
cation for estimating the sizing of a stand-alone PV system at 
Al-Maidinah was also presented in order to show the effectiveness 
of the developed RBF-model. It was concluded that the predicted 
data by the RBF were very suitable for estimating the sizing curve 
of a stand-alone PV system at Al-Madinah city. 


5.2. Estimating the exergetic solar radiation values of some Saudi 
Arabian regions 


The conversion of solar energy into useful energy like mechan- 
ical or electrical energy, does not play an important role in the 
energy budget of most countries yet. But this energy conversion will 
become more important in future because of its environmentally 
perfect standing and it is important to have the thermodynamic 
tools ready for action when the demand increases. Given a fixed 
environment, exergy is the fraction of the incoming energy, which 
is fully convertible into mechanical or electrical energy. Mechanical 
and electrical energy are completely exergy, they are fully convert- 
ible in all other energy types. Solar energy is not fully convertible 
because of its entropy content and thus its exergy content is less 
than 100%. Thus the energetic conversion efficiency of a solar con- 
version device will not be one, even if there were an ideal, fully 
reversible conversion. The exergy content of solar radiation reach- 
ing the surface of the earth is between 50% and 80% of its energy 
flux, depending on the atmospheric conditions [53]. 

As far as studies on calculating the solar exergy of Saudi Arabian 
regions are concerned, only one study conducted by Hepbasli and 
Alsuhaibani [54] has appeared in the open literature to the best 
of the authors’ knowledge. In this context, they comprehensively 
reviewed various solar exergy models used in solar energy-related 
applications, and determined the solar exergetic values for some 
regions of Saudi Arabia and Turkey, which were taken as two 
illustrative examples, to which various models were applied and 
compared. The data used in the analysis related to Saudi Arabia 
were taken from Sahin et al. [55], who reported the experimen- 
tal values obtained from the measurements on the shoreline of 
the Arabian Gulf in northeastern Saudi Arabia, near Dhahran. The 
ratios of solar radiation exergy to solar radiation energy (exergy- 
to-energy ratio) for northeastern Saudi Arabia were obtained to be 
on average 0.933 for both approaches of Petela [56,57] and Spanner 
[58] and 0.950 for Jefer’s approach [59] at outside air temperatures 
between 16.18 and 33.01 °C. The solar radiation exergy values for 
northeastern Saudi Arabia are obtained to vary between 153.72 and 
306.29 W/m? from January to June for both approaches of Petela 
and Spanner, and from 156.37 to 311.86 for Jefer’s approach at 
outside air temperatures between 16.18 and 33.01 °C. These val- 
ues were calculated to be in the range of 286.24-91.62 W/m? and 
291.47-93.21 from July to December for the above mentioned 
approaches, respectively [54]. 


5.3. Other solar energy-related research studies conducted 


In the following, studies conducted on solar collectors 
[60-62] and American Society of Heating, Refrigerating and Air- 
Conditioning Engineers (ASHRAE) clear-sky model for producing 
solar-radiation [63], solar PV systems [3,22,64-75], solar stills 
[76,77], solar-powered irrigation [78,79], solar energy-related 
greenhouses [80,82], solar hydrogen [13,83-93], solar water 
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Fig. 5. Optimum average tilt angle for each month of the year at Madinah site [62]. 


desalination [5,15-17,94—98] and solar energy education [99-106] 
are briefly presented. 


5.3.1. Solar collectors and ASHRAE clear-sky model 

Samanta and AI Balushi [60] reported that most solar collectors 
commonly used were of the flat-plate type. They proposed a novel 
type of solar collector, the so-called spherical collector, which con- 
sisted of a stationary spherical body with a cover and an absorbing 
surface. The sun could be effectively tracked through this collector, 
without any actual mechanical movement. The annual average of 
the daily incident solar irradiation on spherical collector was about 
21% higher than that on the fiat-plate one for the two locations in 
the Gulf Cooperative Council countries considered in their study. 
Both daily and hourly variations of incident radiation on such a 
spherical solar collector were computed on the basis of available 
data, while the results obtained were compared to that on an equiv- 
alent fiat-plate collector for different angles of tilt and latitude. It 
was concluded that the results would be very beneficial to everyone 
dealing with the design and performance evaluation of spherical 
collectors, while the issues of construction and operation of such 
collectors should be investigated in more detail. 

The orientation and tilt angle with horizontal of a solar collector 
highly influence its performance. Therefore in the design, simula- 
tion and operation of solar collectors, it is very essential to know 
the optimum tilt angle. Optimum tilt angle is applied to a variety 
of systems, such as flat or parabolic collectors, PV-systems, solar 
houses and solar greenhouses installed in a fixed position. In addi- 
tion to these, it is crucial in the determination of the lengths of 
the shading elements to be placed above the windows in buildings 
as well as in the right selection of the angles of these elements if 
they are located angular [61]. Benghanem [62] analyzed the opti- 
mal choice of the tilt angle for the solar panel in order to collect the 
maximum solar irradiation. In the analysis, the collector surface 
was assumed to be facing towards equator, while the measured 
values of daily global and diffuse solar radiation on a horizontal 
surface were utilized. Fig. 5 indicates the tilt angles for each month 
of the year when the collector panel was titled at the optimum 
angle at Madinah site [62]. The seasonal average was calculated 
by finding the average value of the tilt angle for each season and 
the implementation of this required the collector tilt to be changed 
four times a year. The tilt should be 17°, 12°, 28° and 37° in the 
seasons of spring, summer, autumn and winter, respectively. The 
yearly average tilt was calculated by finding the average value of 
the tilt angles for all months of the year. The yearly average tilt was 
found to be 23.5°, which resulted in a fixed tilt throughout the year, 
nearly corresponding to the latitude of Madinah site (24.5°). It was 
concluded that annual optimum tilt angle was approximately equal 
to latitude of the location, while the loss in the amount of collected 
energy when using the yearly average fixed angle was around 8% 
compared to the monthly optimum angle of tilt. 
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Fig. 6. Monthly-averaged hourly global-solar-radiation variations on horizontal 
surfaces in Riyadh; comparison between measurements and ASHRAE clear-sky- 
model calculations using original and modified sets of coefficients: (a) January and 
(b) July [63]. 


Al-Sanea et al. [63] used the ASHRAE clear-sky model for pro- 
ducing solar-radiation data on a horizontal surface in Riyadh on a 
quarter hourly basis for all days in each month of the year and com- 
pared with measurements for Riyadh, Saudi Arabia. They averaged 
both model results and measurements over the years 1996-2000 
on an hourly basis for all days in each month of the year to get a 
monthly-averaged hourly variation of the solar flux. The ASHRAE 
model implemented utilized the standard values of the coefficients 
proposed in the original model, while calculations were made 
with a different set of coefficients proposed in the literature. The 
monthly-averaged hourly variation of the measured global (beam 
plus diffuse) solar radiation on horizontal surfaces in Riyadh for 
January and July is illustrated in Fig. 6(a) and (b), respectively, 
where the symbols signify different years and the solid line is the 
average over these years [63]. The results presented for January 
in Fig. 6(a) indicated that the ASHRAE model consistently over- 
predicted the measurements at all times. This was expected since 
the model did not account for local weather conditions such as the 


presence of clouds and dust. Also, it should be noted that there 
were discernible differences between the measurements for dif- 
ferent years. This was mainly attributed to local cloud formations 
in this wintry month, which obviously varied from year-to-year. 
However, on a monthly averaged hourly basis, these variations had 
actually been reduced quite substantially. In contrast, the results 
presented for July in Fig. 6(b) showed that both the measurements 
and the ASHRAE model predictions differed only slightly. In fact, 
there was a reasonably close agreement between the results of the 
ASHRAE model and the mean values of the measurements. Based 
on the daily total solar-flux, a factor was also obtained for every 
month to adjust the calculated clear-sky flux in order to account 
for the effects of local dust and cloud conditions. When these fac- 
tors were taken into account in the ASHRAE model calculations, 
the results agreed very well with the measured monthly-averaged 
hourly variation of the solar flux. It was also recommended that 
all future solar-energy applications, such as building energy anal- 
yses, employing the climatic conditions of Riyadh, be performed 
using the solar flux produced by the ASHRAE model corrected by 
the adjustment factors proposed in the present study. 


5.3.2. Solar PV systems 

As listed in Table 1 and highlighted by Sayigh [64], the PV power 
systems have been part of the Saudi electricity network since Jan- 
uary 1985. Kettani [65] reported great interest in PV conversion 
in the Arab world and denoted the importance research in uni- 
versities and applications in the field, while he give overview of 
all this activity and explained the reasons for this interest. He also 
specifically defined “economic attractiveness factors” such as “inso- 
lation factor” and “remoteness factor” that determined whether a 
PV application would be economical at a given geographical point. 

In this regard, Sayigh [65] reported that under the auspices of 
a joint commission on economic cooperation, Saudi Arabia and 
United States signed a $100 million agreement in late 1977 for 5 
years (the so-called SOLERAS), while he give the details of the PV 
power system considered. He also explained that one of the major 
objectives of this cooperation was to improve the quality of rural 
life in Saudi Arabia using solar systems for isolated communities, 
in agriculture and local industries. Sayigh concluded that the solar 
village experiment in Saudi Arabia was the biggest project of its 
kind in 1980, while he mentioned that availability of five different 
PV villages in the Arab World was meaningful. 

Salim and Eugenio [66] presented a comprehensive report on 
the performance of a 350 kW concentrator solar PV power system 
by briefly summarizing the system design, fabrication and instal- 
lation phases, and dealing in great detail with the performance, 
including the problems and failures experienced over a period of 
7 years. They also reported that when installed in September 1981, 
it was the largest in the world at the time and was the only large 
concentrator PV power system in operation, while the system had 
performed remarkably well and had met or exceeded most of its 
design goals. Based on the long term performance of this system, 
large PV systems were indeed reliable sources of power with min- 
imum operation and maintenance requirements. The system had 
been operated in several different modes, which included stand- 
alone and co-generation with diesel generators. It was connected 
to the utility grid and operated in the peak power tracking mode. 
It was expected that in the very near future, the system would 
have the additional capability of being directly coupled to a 350 kW 
electrolyzer to produce hydrogen. 

Alawaji et al. [67] selected solar energy for supplying electric 
power to the equipment used in the desalination plant consisted of 
submersible pump, reverse osmosis unit, storage batteries, etc. due 
to the high insolation intensities in Saudi Arabia. They discussed 
about the various pieces of equipment in the PV systems along with 
their primary operation and performance. 
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Alajlan and Smiai [68] reported design and development of a PV 
plant for water pumping and desalination in remote area, which 
was the first of its kind in Saudi Arabia. The plant had two main 
PV separate systems. The first one was a PV water pumping sys- 
tem, which was characterized by storing the water in two storage 
tanks and without electric energy storage. The second one was a PV 
system for the operation of the reverse osmosis unit (water desali- 
nation), which was characterized by the storage of electric energy 
(batteries). The total installed PV capacities for pumping and desali- 
nation systems were 980 Wp and 10.89 kWp, respectively. The head 
of the submersible pump was 50m from surface level, while the 
amount of water production from Reverse Osmosis Unit was about 
600 L/h. 

Al Harbi et al. [69] applied two methods of solar energy, namely 
PV (the direct conversion of sun light beam into electrical energy) 
and thermal method (the utilization of the sun’s dissipated heat into 
useful applications to a hybrid one system, the so-called PV-thermal 
system). They assessed this system under the Saudi Arabian envi- 
ronmental conditions. 

Hasnain and Alajlan [70,71] proposed a solar still plant with a 
daily distillate capacity of 5.8 m? to couple with the existing PV-RO 
plant in order to utilize most of the reject brine instead of throw- 
ing on the ground. They estimated the cost of product water as 
0.50 US$/m3, while they also concluded that the single effect solar 
stills for small scale plants was more viable to use in remote area, 
where the land value was negligible, while solar stills are easy to 
install and maintain and could be fabricated with locally available 
material. 

Elhadidy and Shaahid [72] utilized hourly wind-speed and solar 
radiation measurements made at the solar radiation and meteoro- 
logical monitoring station, Dhahran in Saudi Arabia to analyze and 
study the impact of key parameters such as PV array area, number 
of wind machines, and battery storage capacity on the operation of 
hybrid (wind + solar + diesel) energy conversion systems, while sat- 
isfying a specific annual load of 41,500 kWh. The monthly average 
daily values of solar radiation for Dhahran varied between 3.6 and 
7.96 kWh/m2. Based on a parametric study conducted, with two 
10kW wind machines together with three days of battery storage 
and PV deployment of 30 m2, the diesel back-up system should pro- 
vide about 23% of the load demand. However, with elimination of 
battery storage, about 48% of the load should be provided by diesel 
system. 

Rehman et al. [73] presented a case study on the possibility of 
using PV technology for a campus site in Abha, Saudi Arabia and 
utilized the GSR data on horizontal surface to undertake an eco- 
nomic feasibility. The data utilized were retrieved including annual 
and seasonal variation of GSR on horizontal surface, temperature 
and relative humidity to understand the climatic conditions and 
availability of solar radiation for Abha city. The analysis covered 
three scenarios with daily average energy demands of (i) full load, 
(ii) 75% load and (iii) half load with annual peak load of 3.84, 3.06 
and 2.27 kW, respectively. Each of these loads was further stud- 
ied economically to investigate the effect of the battery storage for 
1-5 days. It was concluded that the battery storage capacity cost 
played an essential role in the overall cost of PV system and hence 
the battery storage for smaller time period should be considered. 
For full load scenario, the cost of energy from the PV system was 
29% cheaper compared to the diesel generating cost. For the 75 and 
50% load systems, the cost was about 56 and 116% higher than the 
PV system, respectively. It was also recommended that larger PV 
systems should be preferred over the smaller ones. 

The burning of depleting fossil fuels for power generation has 
detrimental impact on human life and climate. In this context, 
renewable solar energy sources are being increasingly exploited to 
meet the energy needs. Moreover, solar PV-diesel hybrid system 
technology promises lot of opportunities in remote areas which 


are far from utility grid and are driven by diesel generators. Inte- 
gration of PV systems with the diesel plants is being disseminated 
worldwide to reduce diesel fuel consumption and to minimize 
atmospheric pollution. Saudi Arabia, which is endowed with high 
intensity of solar radiation is a prospective candidate for deploy- 
ment of PV systems and also has a large number of remote scattered 
villages [3]. 

Shaahid and El-Amin [3] analyzed solar radiation data of Rafha, 
Saudi Arabia, for performing a techno-economic feasibility of 
hybrid PV-diesel-battery power systems to meet the load require- 
ments of a typical remote village Rawdhat Bin Habbas (RBH) with 
annual electrical energy demand of 15,943 MWh. Rafha is located 
near RBH. NREL’s Hybrid Optimization Model for Electric Renew- 
able (HOMER) software was utilized in the assessment. It was 
reported that the location being blessed with considerable monthly 
average daily GSR intensity (3.04-7.3 kWh/m?) was a prospective 
candidate for deployment of PV power systems. The simulation 
results indicated that for a hybrid system composed of 2.5 MWp PV 
system together with 4.5 MW diesel system and a battery-storage 
of 60 min of autonomy (equivalent to 1h of average load), the PV 
penetration was 27%. The cost of generating energy (COE) from the 
hybrid PV-diesel-battery system considered was obtained to be 
0.170 US$/kWh with a diesel fuel price of 0.1$/L. Using this hybrid 
system, about 1005 tons/year of carbon emissions could be avoided 
entering into the local atmosphere. It was also recommended that 
the observations of this study could be employed as a benchmark 
in designing/sizing of hybrid PV-diesel-battery systems for other 
locations having similar climatic and load conditions. 

Rehman et al. [22] utilized monthly average daily GSR and 
sunshine duration data to study the distribution of radiation and 
sunshine duration over Saudi Arabia. They performed an econom- 
ical analysis of a 5 MW installed capacity PV based grid connected 
power plant for electricity generation using RetScreen software for 
energy production and economical assessment. The minimum and 
maximum GSR values were obtained to be 1.63 MWh/m? yr and 
2.56 MWh/m? yr at Tabuk and Bisha, respectively, with an average 
value of 2.06 MWh/m? yr. The duration of sunshine varied between 
7.4 and 9.4h, with an overall mean of 8.89h. The specific yield 
was found to vary from 211.5 to 319.0kWh/m2, with an aver- 
age value of 260.83 kWh/m2. The renewable energy produced each 
year from 5 MW, installed capacity plant was ranged from 8196 
to 12,360 MWh, while it was on average 10,077 MWh/yr. Based on 
the some economical indicators, such as internal rate of return, the 
simple payback period, the years to positive cash flows, the net 
present value, the annual life cycle savings, the profitability index 
and the cost of renewable energy production indicated that Bishah 
was the best site for PV based power plant development and Tabuk 
the worst. From the environmental point of view, it was found that 
on an average an approximate quantity of 8182 ton of greenhouse 
gases could be avoided entering into the local atmosphere each 
year from a 5MW capacity PV plant in any part of Saudi Arabia. 
It was also recommended that more detailed techno-economical 
feasibility study should be conducted for Bishah site, while a pilot 
plant should be developed there and monitored to overcome the 
various aspects of technology transfer and adoption in Saudi Ara- 
bia. It could help in studying the engineering performance of such 
a power plant in the local environment. 

Shaahid and Elhadidy [74] utilized the same software explained 
in Ref. [3] and performed a techno-economic feasibility of utilizing 
hybrid PV-diesel-battery power systems based on long-term solar 
radiation data of Dhahran (East-Coast, Saudi Arabia) to meet the 
load of a typical residential building (with annual electrical energy 
demand of 35,120kWh). The monthly average daily solar global 
radiation varied between 3.61 and 7.96 kWh/m2. The simulation 
results indicated that for a hybrid system composed of 4kWp PV 
system together with a 10 kW diesel system and a battery storage 
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of 3h of autonomy (equivalent to 3 h of average load), the PV pen- 
etration was 22%. The COE of this hybrid system was obtained to 
be 0.179$/kWh with a diesel fuel price of 0.1$/L. It was concluded 
that the potential of solar energy could not be overlooked and a 
fraction of Saudi Arabia’s energy demand could be harnessed from 
PV systems. It was also recommended that the findings obtained 
could be employed as a frame-of-reference in designing of hybrid 
PV-diesel—-battery systems for other locations having similar cli- 
matic and load conditions. 

Shaahid et al. [75] analyzed wind speed and solar radiation data 
of Rafha, KSA, and assessed the technical and economic potential 
of hybrid wind—PV-diesel power systems to meet the load require- 
ments of a typical remote village Rawdhat Bin Habbas (RBH) with 
annual electrical energy demand of 15,943 MWh. Rafha is located 
near RBH. The monthly average daily GSR ranged from 3.04 to 
7.3 kWh/m2. The hybrid systems simulated consisted of different 
combinations of 600 kW wind machines, PV panels, supplemented 
by diesel generators. NREL’s HOMER software was utilized to per- 
form the techno-economic study. The simulation results indicated 
that for a hybrid system comprising of 1.2 MW wind farm capacity 
(two 600 kW units, 50m hub-height) and 1.2 MW of PV capac- 
ity together with 4.5 MW diesel system (three 1.5 MW units), the 
renewable energy fraction with 0% annual capacity shortage was 
24% (10% wind + 14% PV). The COE of this hybrid wind—PV-diesel 
system was found to be 0.118$/kWh with a diesel fuel price of 
0.1$/L. 

Rehman and Al-Hadhrami [76] also made an attempt to explore 
the possibility of utilizing power of the sun to reduce the depen- 
dence on fossil fuel for power generation to meet the energy 
requirement of a small village Rowdat Ben Habbas, located in the 
north eastern part of Saudi Arabia. They used the hourly solar radi- 
ation data measured at the site along with PV modules mounted 
on fixed foundations, four generators of different rated powers, 
diesel prices of 0.2-1.2 US$/L, different sizes of batteries and con- 
verters to find an optimal power system for the village. The existing 
diesel only system with four diesel generating units of 1500, 1000, 
1750 and 250 kW with diesel price of 02$/L was found to be most 
economical power system with levelized cost of energy (COE) of 
0.19$/kWh. The next best system with 21% solar PV (2000 kWp) 
penetration; four diesel generators of 1250, 750, 2250 and 250 kW; 
battery bank (300); and a power converter of 3000 kW with a COE 
of 0.219$/kWh was economical at a diesel price of 0.2$/L. With 
the increase in the fuel price, the diesel only system was found 
to be less economical and at a fuel price of 0.60$/L and above, 
the diesel only system became un-economical compared to that of 
the hybrid power system. It was recommended that a demonstra- 
tion hybrid power system with 20% solar PV penetration should be 
developed, while practical aspects of the development, operation, 
maintenance and thereof improvement should studied. 


5.3.3. Solar stills 

There is an urgent need for clean, pure drinking water in many 
countries. Water sources are often brackish and/or contain harm- 
ful bacteria and therefore cannot be used for drinking purposes. 
There are also many coastal locations where sea water is abundant, 
but potable water is not available. Pure water is also needed in 
some industries, hospitals and schools. Solar distillation is one of 
the many processes that can be used for water purification. Solar 
radiation can be the source of heat energy where brackish or sea 
water is evaporated and is then condensed as pure water [77]. In 
this regard, El-Sebaii [77] presented transient mathematical mod- 
els for a single slope-single basin solar still with and without phase 
change material (PCM) under the basin liner of the still. Analyti- 
cal expressions for temperatures of the still elements and the PCM 
have been obtained. They derived the energy balance equations 
for the various elements of the still as well as for the PCM during 


charging and discharging modes, while they solved them ana- 
lytically. Numerical calculations were also undertaken for typical 
summer and winter days for Jeddah in Saudi Arabia to study the 
effect of the mass of stearic acid on the daily productivity and effi- 
ciency of the still. Comparisons between the results obtained for 
the still with and without the PCM indicated that using 3.3 cm of 
stearic acid under the basin liner, 9.005 (kg/m? day) of fresh water 
could be obtained on a summer day with a daily efficiency of 85.3%. 
The PCM was more effective for lower masses of basin water on 
winter season. 

El-Sebaii et al. [78] also investigated an active single basin solar 
still integrated with a sensible storage material by computer sim- 
ulation using the climatic conditions of Jeddah, Saudi Arabia. Sand 
was used as a storage material due to its availability. In the analy- 
sis, the flowing water temperature was assumed to vary with time 
and space coordinates. Analytical expressions were obtained for 
various temperatures of the still elements as well as for the temper- 
ature of sand. Effects of mass flow rate and thickness of the flowing 
water for different masses of the storage material on the daylight, 
overnight and daily productivity and efficiency of the still were 
studied. The following main conclusions were drawn: (i) The daily 
productivity decreased with the increase in the mass of sand. (ii) 
The daily productivity and efficiency decreased with the increase 
in the thermal conductivity of the basin linear material. (iii) On a 
summer day, a daily productivity value of 4.005 kg/m? with a daily 
efficiency of 37.8% was obtained using 10 kg of sand compared to 
that of 2.852 kg/m? with a daily efficiency of 27% when the still 
was used without storage. The annual average of daily productiv- 
ity of the still with storage was calculated to be 23.8% higher than 
that when it was used without storage, and (iv) The present still 
with a sensible storage material could be operated, under weather 
conditions similar to Jeddah, as a source of the hot water required 
for some domestic and low temperature industrial applications all 
year round. 


5.3.4. Solar-powered irrigation 

Solar-powered agricultural irrigation seems to be an attractive 
application of renewable energy, while for practical uses it should 
be feasible in terms of both technical and economical aspects. In 
this context, Kelley et al. [79] developed a method for determin- 
ing the technical and economic feasibility of PV powered irrigation 
systems, applicable to any geographic location and crop type and 
applied to several example cases. They expressed the feasibility as 
a function of location, which covered climate data, aquifer depth 
and cost, including local political policies such as carbon taxes. A 
discounted cash flow analysis was also utilized to compare the 
lifecycle costs of PV-, diesel engine- and electrical grid-powered 
irrigation systems. Technical feasibility was determined from the 
maximum power required for irrigation, which depended on crop 
type and geographic location. Economic feasibility was based on 
comparing lifecycle costs of PV powered irrigation systems to 
diesel- and grid-based irrigation systems. Carbon taxes and finan- 
cial incentives for installing alternative energy systems were taken 
into account in the method, although they were not applied to the 
examples. The results obtained from the technical feasibility anal- 
ysis agreed with those from the previous studies. It was concluded 
that there was no technological barrier to implementation of PV 
powered irrigation and the limiting factor was land availability; as 
long as there could be physical space for the panels, there would no 
reason why they could not be used to power an irrigation system. 

Said [80] reported the economic competitiveness of PV- 
powered irrigation when compared to conventional diesel powered 
pumps in Saudi Arabia. He also conducted a cost comparative study 
and presented a breakdown cost of a solar PV module of US$2.5/W 
at a peak load. 
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5.3.5. Solar energy-related greenhouses 

Radhwan et al. [81] experimentally investigated the thermal 
performance of an agricultural greenhouse (GH) with a built-in 
solar distillation system, which was constructed at the King Abdul 
Aziz University, the city of Jeddah, Saudi Arabia. They also high- 
lighted some measures towards improving the productivity of the 
GH solar distillation. A set of solar basins with saline water was 
placed on the greenhouse roof to reduce the GH cooling load and 
to produce the required fresh irrigating water by solar distillation. 
The ventilation air entered the GH through an evaporative cooler 
for cooling in the summer (and hot days), and was partially recircu- 
lated for heating in the winter (and cold days). The system transient 
performance (temperatures and humidity inside the plant growth 
zone and water productivity) was presented for the summer of July 
2004. Under the summer climatic conditions of the city of Jed- 
dah, the results indicated that the GH inside temperatures could 
be 8-10°C and 3-6 °C at the GH inlet and outlet below the ambient 
temperature, respectively. The GH inside relative humidity ranged 
from 20% to 35% above the ambient conditions, within the comfort 
zone of plant growth. 

Al-Helal and Alhamdan [82] investigated the effect of outdoor 
exposure of a greenhouse polyethylene cover to the arid environ- 
ment over a period of 13 months. Measurements of global solar 
radiation (GSR), photosynthetically active radiation (PAR), air tem- 
perature and relative humidity were made inside and outside two 
single-polyethylene-covered model structures. It was found that 
the reduced solar radiation resulted in minimizing inside air tem- 
peratures, while GSR and PAR transmittances depended on the 
season where they were highest during the winter months. At cer- 
tain exposure periods, a noticeable decrease of the relative losses 
was also observed due to rainfall cleaning of dirt and dust deposited 
on the polyethylene film. It was recommended that cleaning the 
greenhouse cover should be made especially in cold months and the 
rate of dust accumulation density should be defined in relation to its 
effect on solar transmittance through covers with different green- 
house configurations. For a future work, investigating the amount 
and type of solar radiation in commercial greenhouses at the plant 
canopy and its availability to the plant canopy beneath was also 
recommended. 

The protected cultivation in greenhouses has became the 
favored way to develop the agriculture sector due to the harsh cli- 
mate, scarce and poor-quality of water resources in the Arabian 
Peninsula. For managing crop production and improving opera- 
tion and production efficiencies, it is very essential to predict and 
control environmental conditions in greenhouse. Simulation mod- 
els have been mostly used to predict the greenhouse environment 
because they provide a quick, less expensive and more flexible 
and repeatable way compared with predictions based on experi- 
ments [83]. In this regard, Abdel-Ghany and Al-Helal [83] presented 
the general relations for estimating the amounts of solar energy 
absorbed by the greenhouse components and lost to outside the 
greenhouse. These relations included the interrelations as well as 
the multiple reflections of solar radiation between these compo- 
nents. Thus, the greenhouse system was treated as a solar collector 
having an absorber plate (i.e., the greenhouse soil) and a cover 
system consisting of three semi-transparent parallel layers (i.e., 
the greenhouse cover, the humid air, and the plants). The analysis 
was made through superposition theory and ray tracing technique, 
while the relations considered were applied to an experimental 
plastic-covered greenhouse with a floor area of 34 m2. The green- 
house, located in Riyadh, Saudi Arabia, was planted with tomatoes 
with a leaf area index (LAI) of 3.0 and was cooled by a wet pad and 
fan system. Fig. 7(a) and (b) illustrates the distribution of the inci- 
dent solar energy among the greenhouse components during the 
day and the daily integral of each energy component, respectively 
[83]. Here, Sc is the solar energy incident on the greenhouse, Se, 
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Fig. 7. (a) Distribution of the incident solar energy among the greenhouse compo- 
nents and (b) daily integrals of the distributed solar energy on a sunny summer day 
(May 15, 2009) of Riyadh climate [83]. 


Sp, Ss and Sw indicate the solar energy absorbed by the greenhouse 
cover, the plants, the soil and the humid inside air, respectively, 
while S; is the solar energy lost to outside the greenhouse. Because 
the plant density was high (LAI = 3), about 37% of the incident solar 
energy was absorbed by the plants. However, the floor soil absorbed 
15%; the covering material absorbed 13.5% and the water vapor 
absorbed less than 1%. The rest (about 33.5%) was lost to outside the 
greenhouse by: (i) Reflection on the outer surface of the cover. (ii) 
Backward reflections on the plants and soil surfaces then escaped 
to outside the greenhouse. (iii) Transmittance of the incident radia- 
tion through both sides of the greenhouse cladding when the solar 
elevation was low in the morning and afternoon. It was also con- 
cluded that the relations given were capable of precisely predicting 
the distribution of the global incident solar radiation among the 
components of a greenhouse with a maximum error of 2% in the 
results of each relation at a LAI of 1.5 and this error significantly 
would be decreased to less than 0.7% if the LAI in the greenhouse 
could be increased to 5. 


5.3.6. Solar hydrogen 

Since 1986 Kingdom of Saudi Arabia and Germany have been 
cooperating in the research, development and demonstration of 
solar hydrogen production and its utilization through the HYSO- 
LAR project. A solar hydrogen production demonstration plant, 
which could have been considered as the world’s first 350 kW solar- 
powered hydrogen-generation plant at the time of its inception, 
had been designed, installed and operated in the Kingdom of Saudi 
Arabia at the KACST research site (solar village) about 50 km North 
West of Riyadh. The plant was started up on 19 August 1993 and 
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utilized the DC electricity being produced by 350 kW of electricity 
produced by PV cells [84,85]. 

Zahed et al. [86] highlighted that in spite of the present vast 
reserves of oil and natural gas of the country, the proposition of con- 
verting the abundant non-depletable solar energy (2500 kWh/m? 
on a nominal area of 1.3 million km?) into hydrogen via electroly- 
sis of water was considered as necessary, viable and challenging. 
They reported that at that time when this study was conducted, 
non-energetic consumption of hydrogen (estimated at about 8000 
million m?/year) was derived primarily from fossil fuels. In this 
context, they aimed at harnessing solar energy for large scale pro- 
duction of hydrogen to be used as a main non-fossil fuel to gradually 
substitute the oil and gas, in all possible areas of utilization, while 
discussing a comprehensive perspective of present and future uti- 
lization of hydrogen in the country. 

Grasse et al. [87] explained the German-Saudi Arabian HYSOLAR 
program along with its background, origin, purpose and structure. 
They also presented the program goals, the results achieved until 
that time and the future perspectives, while a list of some HYSOLAR- 
related publications was also included in the Appendix of their 
study. 

Abdel-Aal [88] proposed a less conventional approach to store 
solar energy, which implied the decomposition of water to pro- 
duce hydrogen using energy from the sun (in the form of heat 
and/or electricity). The conversion of solar radiation first into usable 
energy was investigated via three possibilities, namely (i) direct 
energy conversion using PV cells from water electrolysis, (ii) con- 
centration to thermal energy using a central receiver system for the 
electrolysis, and (iii) the thermochemical decomposition of water 
and helio-hydro-electric power generation for water electrolysis. 
Thermodynamic features of the water-splitting processes including 
thermochemical cycles were presented first. Experimental findings 
using small-scale PV electrolysis units were then reported from the 
production of hydrogen. Finally, the criteria for selecting regions 
and locations for hydrogen production on a massive scale in some 
parts of the Arab World were established. 

Abdel-Aal and Hussein [89] investigated the electrolysis of 
saline water for the production of hydrogen. They reported that 
the main difficulties anticipated were the evolution of chlorine gas 
as the anodic product and the gradual build-up of insoluble pre- 
cipitates on the cathode surface. They made a comparison between 
the established processes of electrolyzing alkaline water and brine, 
on the one hand, vs saline water electrolysis on the other. A num- 
ber of parameters were also examined, including salinity, voltage, 
current density and quantity of electricity, while their effects on 
hydrogen production were also reported using a modified simple 
Hoffman electrolysis cell. 

Steeb et al. [13] explained in more detail the HYSOLAR, which 
was Started in 1986. They also briefly reviewed the most impor- 
tant results and addressed the open questions and problems. An 
outlook into the programme’s second phase contents, where more 
emphasis was laid on hydrogen utilization technologies, was also 
included. In this context, it was highlighted that the first phase 
of HYSOLAR, which ended in 1991, focused mainly on investiga- 
tion, test and improvement of hydrogen production technologies. 
The participants from research institutions and universities in both 
countries have reported on their work in more than 90 scientific 
publications. 

Daous et al. [90] described a complete solar hydrogen research 
plant, which was part of the HYSOLAR program, by outlining the 
safety aspects of its design and operation. This plat was put into 
operation in November 1989. It was reported that since then until 
the time when this study was conducted, over 1 MWh was utilized 
to produce hydrogen without any major problem. Only two minor 
incidents reported in their study occurred during this period. Some 
recommendations regarding the safety aspects were presented in 


the light of the experience gained during the operation of the plant. 
It was concluded that these were also applicable for larger plants 
based on similar technology. 

Al-Garni [91] reported that catalytic combustion of hydrogen 
was considered to be one of the safest, cleanest and most efficient 
forms of utilizing hydrogen for heating purposes. He also compre- 
hensively presented experimental setup, investigation procedures 
and study results conducted at KACST, in order to find a gen- 
eral purpose catalytic combustion module. The main conclusions 
drawn were as follows: (i) Catalytic combustion with ceramic- 
based porous substrates proved to be probably the most suitable 
option for stable heating purposes with hydrogen, exhibiting good 
temperature uniformity and satisfactorily resisted surrounding air 
fluctuations, and (ii) With hydrogen, in the absence of products 
causing catalyst poisoning, degradation of the catalytic combus- 
tion activity was shown to be relatively unlikely for long operation 
cycles. 

Abdel-Aal and Al-Naafa [92] surveyed the Arab world for the 
availability of new and renewable energy sources including solar 
energy and presented two case studies for Egypt and Saudi Arabia. 
A classification was also made based on the level of development 
and on the energy balance of each Arab country. The target was to 
utilize these energy sources for hydrogen production and hence for 
desert development claiming more arable land. It was pointed out 
that hydrogen would be harnessed along the following avenues: (i) 
to provide energy for land development, (ii) to provide energy for 
pumping and irrigation, (iii) to produce fresh water, and (iv) to pro- 
duce fertilizers based on ammonia as a starting raw material. Some 
concluding remarks drawn were as follows: (i) The Arab countries 
have the potential to produce a total of more than 2 x 10!2 m? of 
solar hydrogen annually based on utilizing 1% of the available area, 
10% efficiency for solar conversion, and 30% efficiency for hydrogen 
production, and (ii) The energy supplied by solar hydrogen could 
lead to an increase in the area of arable land thus compensating 
for the loss in agriculture land in Egypt and land desertification in 
Saudi Arabia. 

Abaoud and Steeb [93] gave a very condensed overview on the 
manifold activities in the German-Saudi bilateral RD&D program 
HYSOLAR. Concentrating on Phase II of the program - which ended 
in 1995 - recent results in the fields of solar hydrogen produc- 
tion (the 350 kW solar hydrogen production demonstration plant 
and the 10 kW test and research facility), hydrogen utilization (cat- 
alytic combustion of hydrogen, fuel cell technology and hydrogen 
engines), fundamental research (instationary combustion phenom- 
ena in a hydrogen fueled engine and photoelectrochemical energy 
conversion), system studies and concentrating PVs were shortly 
reviewed. It was concluded that competent research teams have 
developed valuable technical and experimental equipment as well 
as demonstration plants which have been built, while HYSOLAR has 
stimulated numerous other activities on the national and interna- 
tional scale. 

Almogren and Veziroglu [85] developed a model for the solar- 
hydrogen energy system for Saudi Arabia using a formulation of 
continuous dynamic interaction between the population, energy, 
economic parameters and the resources. The variables considered 
were population, energy demand, energy production, hydrogen 
production, energy prices, gross national product, environmental 
damage and quality of life. 

Two hydrogen introduction scenarios were considered as given 
by the following hydrogen introduction doubling times [85]: 


6, =24+0.15(n—1), for Case 1 (35) 


6, =44+0.15(n—1), for Case 2 (36) 


Fig. 8 illustrates the projection of energy demand of Saudi Arabia 
with the solar-hydrogen production [85]. If the solar hydrogen is 
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Fig. 8. Projections for Saudi Arabia energy demand and solar hydrogen energy pro- 
duction [85]. 


produced at this rate and the energy demand continues at this rate 
or less, Saudi Arabia would be able to provide its energy needs as 
solar-hydrogen energy in 2028 and 2060 in the Cases 1 and 2 based 
on Eqs. (35) and (36), respectively. In addition, it would have more 
hydrogen for export in later years after getting its energy need. 

The results also indicated that the oil resources of Saudi Arabia 
would not be enough to meet the domestic and export markets 
starting in three to four decades. It could do so by solar production of 
hydrogen and then utilizing hydrogen as an energy carrier, as well 
as exporting it to other countries. This would provide Saudi Arabia 
with a clean and permanent energy system, and would enable it 
to maintain and improve its overall GNP, as well as improving its 
quality of life. 

Zaidi et al. [94] explained research activities and/ongoing 
projects undertaken at KFUPM for the development of fuel cell 
systems. They reported that research at KFUPM was focused on 
two different aspects, fuel for fuel cells (reformat feed) and Proton 
Exchange Membrane (PEM) fuel cell system. Their research group at 
KFUPM has been actively involved in fuel cell research since 1980s. 
They concluded that the research in the fuel cell area would pro- 
vide futuristic benefits to Saudi Arabia as this technology has been 
commercialized in many advanced countries and the market pene- 
tration of this technology would depend on the rate of technological 
advancements. 


5.3.7. Solar water desalination 

With increasing the water demand and emphasis on desalina- 
tion technology due to shortage of underground resources in the 
Kingdom, the government of Saudi Arabia established the Saline 
Water Conversion Corporation (SWCC) in 1974. Since then, the 
SWCC has grown and become the authority to look after all matters 
related to seawater desalination [95]. Within the scope of SOLERAS- 
Saudi Arabian-United States Program for cooperation in the field 
of solar energy program, a solar-powered seawater desalination 
pilot plant was completed in 1984 at the coastal city of Yanbu. 
One of the goals of the program was to incorporate solar Tech- 
nologies into those industrial applications that require thermal or 
electric energy. The plant used an indirect-contact heat transfer 
freeze process to produce 200 m? of potable water each day. The 
pilot plant also used 18 point-focus collectors (each with a surface 
area of 80 m?) with dual axis tracking for solar energy collection. 
The total cost of this program was around US$35.3 million [5,96]. 

The Kingdom of Saudi Arabia has begun building the first solar- 
powered water desalination plant, the first step in a three-part 
program to introduce solar energy into the Kingdom. In this regard, 


the KACST, Saudi Arabia’s national research and development orga- 
nization launched a program. The main objective of this program is 
to help stabilize future power and water supplies inside Saudi Ara- 
bia through the creation of solar-powered desalination facilities 
[17]. 

In February 2008, IBM and KACST signed a multi-year collab- 
orative research agreement, under which scientists from IBM and 
KACST work side by side at IBM Research labs in New York and 
California as well as at the KACST/IBM Nanotechnology Centre of 
Excellence in Riyadh, Saudi Arabia. IBMs multi-faceted research 
with KACST also includes exploring new ways to recycle polyethy- 
lene terephthalate (PET) plastics, commonly used for food and 
beverage containers [17]. 

The research collaboration between IBM (NYSE:IBM) and KACST 
is expected to aim at creating a water desalination plant powered by 
solar electricity, which could significantly reduce water and energy 
costs [16,17]. KACST and IBM have developed a research center to 
determine how best to harness and repurpose this solar energy and 
prepared to implement this state-of-the-art technology [15]. 

Prince Dr. Turki bin Saud bin Mohammad, KACST Vice Presi- 
dent for Research Institutes denoted, “The solar energy program 
will reduce the cost of producing desalinated water and of gener- 
ating power for use in the Kingdom, an oil-dependent nation, which 
has launched a national energy efficiency program.” [16]. 

The expected production capacity of the new, energy efficient 
desalination plant is 30,000 m3/day. This plant will be built in the 
city of Al Khafji to serve 100,000 people and is planned to be pow- 
ered with the ultra-high concentrator PV technology that is being 
jointly developed by IBM and KACST; this technology is capable 
of operating a Concentrating PV (CVP) system at a concentration 
greater than 1500 suns. Inside the plant, the desalination process 
will hinge on another IBM-KACST jointly developed technology, a 
nanomembrane that filters out salts as well as potentially harm- 
ful toxins in water while using less energy than other forms of 
water purification. According to KACST scientists, the two most 
commonly used methods for seawater desalination are thermal 
technology and reverse osmosis. The cost of both methods varies 
between 2.5 and 5.5 Saudi Riyals/m3. The cost of desalinating sea- 
water at these plants is also expected to significantly reduce by 
combining solar power with the new nanomembrane [17]. 

One of the most efficient means of desalination is reverse 
osmosis. There are, however, obstacles to unlocking this reserve 
(principally bio-fouling, degradation by chlorine and low flux 
challenges). The KACST/IBM joint research focuses on improving 
polymeric membranes through nanoscale modification of polymer 
properties to make desalination much more efficient and much 
less costly. The collaborative research between KACST and IBM has 
led to innovative technologies in the areas of solar power and of 
water desalination. It is also expected that using new technologies 
energy-efficient systems can be created and implemented across 
Saudi Arabia and around the world [17]. 

As for as research studies conduced on solar desalination are 
concerned, Khoshaim [97] pointed out that the need to develop an 
industrial solar sea water desalination system for industrial, urban 
and rural application was of great interest to the SOLERAS Program. 
He introduced a pilot plant constructed in Yanbu, Saudi Arabia for 
testing and demonstrating the world’s first and largest solar sea 
water desalination pilot plant at that time. This plant utilized the 
indirect freezing technology for the desalination system with 18 
powerful point focus solar collectors. The aim was to provide energy 
to the system to produce 200 m? /day of fresh potable water. Based 
on the preliminary results reported, the usefulness of those two 
new technological applications met 75% of the baseline design val- 
ues, while an extensive research and testing program was set to 
provide the necessary data and operational history before deciding 
on further use of this technology on a commercial scale. 
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Al-Mutaz and Al-Ahmed [98] reported that solar desalination 
was considered the best alternative to provide fresh water in 
remote arid areas, while the selection of the appropriate solar 
desalination process was a unique problem ever done by processes 
comparison. In this context, they assessed possible solar desalina- 
tion processes, for which the Arabian Gulf region was utilized as 
a reference. They also made a comparison between solar desalina- 
tion and fossil fuel powered desalination plants for justifying the 
recommendation of the selected solar desalination process. 

Zahed and Bashir [99] reported performance assessment val- 
uation studies of Syltherm-800 (a proprietary heat transfer fluid) 
and Partherm-290 (a proprietary heat storage salt). The data were 
obtained from a solar powered freeze desalination pilot plant with 
a capacity of 200 m?, located in Yanbu, Saudi Arabia over a 1-year 
operation period. It was concluded that in spite of some operational 
problems, the thermal stability of these heat transfer media was 
observed to be good, which ensured their prolonged use in solar 
power-generation technology. 


5.3.8. Solar energy education 

Husnain et al. [100] reported that scientists have established 
a bright future for solar energy utilization through their RD&D 
activities, but they paid less attention to solar energy education, 
necessary for effective dissemination of solar energy technologies. 
In this regard, they discussed about prospects and proposals on the 
development of proper education programs for every stage of edu- 
cation and the initiation of solar energy awareness solar energy 
awareness programs for the public. 

Husnain et al. [101] also pointed out that the growing con- 
sumption of limited reserves of fossil fuels and their impact to the 
environment have raised global interest in harnessing solar energy 
while proper knowledge of solar energy is lacking in many levels of 
society. In this regard, they gave an overview of the current status 
of solar education program available around the globe and high- 
lighted the importance of the energy information network for solar 
education program. A survey on the availability of solar energy edu- 
cation program around the world was conducted by the ERI-KACST. 
The main points to be drawn from the survey were as follows: (i) 
Only three universities of industrialized countries were conducting 
Master Degree Courses on solar energy/renewable, while no simi- 
lar course was available in developing countries. Very few topics on 
solar energy/renewable (as elective course) were, however, avail- 
able in institutes for undergraduate and postgraduate programs in 
developing countries, and (ii) The organizations based in indus- 
trialized countries were only putting their efforts to run training 
courses/seminars and some of those organizations were involved 
in the design of teaching resource materials, especially for school 
children. While organizations in developing countries were arrang- 
ing seminars, conferences for technical personnel not targeting 
the young generation and non-technical personnel. It was recom- 
mended to cover solar energy subjects in the current curriculum at 
every level of education, especially in developing countries. It was 
concluded that Degree Courses (taught/research) on solar energy 
were required to be arranged for the creation of appropriate tech- 
nical manpower in the field of solar for sustainable development, 
while a well organized solar energy information database/network 
was required to establish energy. 

Since then, various academical programs on solar energy have 
been designed in Saudi Arabia, while different programs for 
enhancing public awareness about utilization of technologies based 
on renewable energies have also been conducted. As one of the 
recent activities in this regard, 5th Renewable Energy Workshop 
was held at KFUPM on 24 April 2010 under the title of Solar 
Energy Technology: Present & Future [102,103]. Main objectives 
were to (i) import knowledge from experts in the field of solar 
energy to the community, (ii) promote the environmental ben- 


efits of utilizing solar energy, (iii) educate the technical needs 
and the research requirements related to solar technology, (iv) to 
address the challenges and issues related to implementing the solar 
energy technology, (v) to explore future prospects in employing 
the solar energy technology developing know how of the current 
technologies in the area and future developments, and (vi) provide 
a platform within which participants can convey their thoughts 
about solar energy technology and educate themselves about its 
scenario in the near future [104]. In the scope of the workshop, Dr. 
Sayigh described general renewable energy topics and historical 
development of some solar energy-related studies in Saudi Ara- 
bia. Dr. Kazmerski began with a video of a U.S. Vanguard satellite 
going into orbit in the late 1950s, saying that this was the first 
solar powered satellite ever launched into orbit, as also denoted 
in another activity [105]. In this context, various current PV tech- 
nologies with a focus on thin films including, copper indium gallium 
selenide (CIGS), cadmium telluride (CdTe), organic solar cells, and 
dye sensitized solar cells were briefly explained [106]. Solar hot 
water applications were explained and discussed in detail [107], 
while public lectures were also delivered within the scope of solar 
energy awareness program for the public [101,102]. 


5.4. Studies on solar energy utilization, development and 
applications 


It was reported that RD&D activities have played a vital role 
in transferring technology to Saudi Arabia [6]. Development, uti- 
lization and application of solar energy in Saudi Arabia is briefly 
described below [5,6,84,108-113]. 

In this regard, a study on research into solar energy utilization 
in Saudi Arabia conducted by Sabbagh et al. [108] consisted of two 
parts. In the first part, they conducted a survey on general solar 
data for Saudi Arabia by including total solar radiation, the average 
sun duration, ambient temperatures and by comparing total radi- 
ation among some of the Middle Eastern capitals. The second part 
covered the design and performance of water heaters and distillers 
along with their application for domestic utilization purposes. Their 
aim was also to establish a solar energy laboratory, fully equipped 
for the measurement of all the solar data needed and to start work- 
ing on a new project on solar air conditioning and PV conversion 
processes. They concluded that it was feasible to locally build an 
economical solar water heater with a daily hot water capacity of 
50L at an average of 70°C and a water distiller with a daily average 
yield of 5L, costing about $160. 

Sayigh [109] took into consideration solar distillation, passive 
cooling, greenhouse technology, combined solar and geothermal 
systems, and solar economics in Saudi Arabia. He included the exis- 
tence of three climatic regions, namely extremely arid, semiarid, 
and arid, while he presented an equation used to predict the solar 
intensity. It was reported that solar distillation was considered the 
most important solar application in Saudi Arabia, and research on 
single-slope solar stills and a multistage solar still was also men- 
tioned. The water required for agriculture could be reduced using 
passive cooling and adobe greenhouses. It was concluded that in 
Saudi Arabia, solar water heating was cheaper than conventional 
methods while other solar applications were alittle more expensive 
compared to existing means. 

Huraib et al. [84] described the lessons learned from the major 
RD&D activities at ERI and KACST in the field of solar energy. 
They studied PV, solar thermal dishes, solar water heating, solar 
water pumping and desalination, solar hydrogen production and 
utilization for solar energy applications. Recommendations and 
guidelines for future solar energy research development, demon- 
stration and dissemination in Saudi Arabia were also presented. 

Al-Athel reported that [110] the first ever demonstration of solar 
cell usage was in 1954 by American Telephone & Telegraph (AT&T) 
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Company in Murray Hill, New Jersey (Bellis). However, Saudi Arabia 
was not far behind. The first PV energy was installed by the French at 
an airport in Medina in 1960. Since then, Saudi Arabia has invested 
many resources towards the development of solar energy in the 
Kingdom. 

Rehman and Halawani [111] reviewed the available literature 
related to the development and utilization of solar energy in Saudi 
Arabia in 1998. They highlighted that Saudi Arabia undertook many 
projects related to the development of renewable sources of energy 
between 1978 and 1998. 

Elani and Bagazi [112] discussed the potential of silicon devel- 
opment for PVs in conjunction with the availability of raw material 
and PV demand in Saudi Arabia. They also reported that spectral 
and chemical analyses of the local raw materials in the Riyadh 
region indicated that the average silicon oxide content in the 
white rock/sand had the highest ratio 99.5% compared to those 
obtained from red sand 86.7% and limestone 13.5%, while the white 
rock/sand was suitable for further development and particularly for 
use in PV manufacturing. It was concluded that silicon raw material 
for PV production should be considered for further investigation 
towards solar cells manufacturing in Saudi Arabia based on the 
studies conducted by KACST. 

Alawaji [113] reported that recognizing sun as the main natural 
source of energy, with which Saudi Arabia is blessed in abundant 
measure, it is believed that solar energy is a valuable renewable 
source of energy, which should be fully utilized for the benefit of 
the country. 

Alawaji’s study [114] was based on a more detailed paper in Ref. 
[5]. He reported that the experience gained in the field of renewable 
energy R&D between 1980 and 2000 had been very valuable and 
the international joint programs had assisted in the establishment 
of a series of independent RD&D projects on solar energy by the 
ERI, and several other users throughout the country. 

Said et al. [115] addressed the current status and the future 
potentials of renewable energy applications such as wind energy, 
solar energy and hybrid system, in Saudi Arabia. They presented 
some concluding remarks as follows: (i) A wealth of experience has 
been gained in the assessment, instrumentation, calibration, data 
collection, monitoring and analysis of solar energy projects. (ii) Low 
and medium solar thermal energy applications in the Kingdom of 
Saudi Arabia are technically and economically feasible and should 
be encouraged and supported by the government. (iii) More feasi- 
bility studies have to be conducted in the field of hybrid systems, 
and (iv) In developing countries, efforts should be directed to find- 
ing applications of those renewable systems that have already been 
developed in industrialized nations. 

Rehman [116] pointed out that Saudi Arabia observes the 
longest sunshine hours and highest solar radiation intensity in 
the world and needs to be tapped for small and big applications. 
According to BP Solar Company in Riyadh, Saudi Arabia, the total 
PV installed capacity reached 3895 kW by the end of year 2008. 
Fig. 9 indicates a variation of the annual addition and cumulative PV 
installed capacities between 2002 and 2008 in Saudi Arabia [116]. 
Of the record, in Saudi Arabia, PV panels have been utilized for var- 
ious applications since 1981. Some of these applications included a 
350 kW installed capacity electricity generation plant for a remote 
village in Riyadh (Solar Village), a 350kW PV system for hydro- 
gen production (Solar Village), another 6 kW PV system for grid 
connected supply (Solar Village), 4kWp PV system for agriculture 
usage (Muzahmia), 10.63 kWp PV system for sea water desalina- 
tion (Sadus village, approximately 70 km from Riyadh), 57.60 kWp 
PV lighting system for tunnels in southern region of Saudi Arabia, 
etc. Alawaji [5] reported that the cumulative PV installed capacity 
in Saudi Arabia totaled to 4MW4p up to year 2000. Rehman [116] 
also denoted that at present, none of these applications are in use, 
while the other major applications of PV systems in Saudi Arabia 
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Fig. 9. A variation of the annual addition and cumulative PV installed capacities 
between 2002 and 2008 in Saudi Arabia. 


Adapted from Ref. [116]. 


cover the cathodic protection in oil and water pipe lines and the 
communication towers. 


6. Future directions of solar energy studies: some recent 
advances 


Some future aspects of solar energy in Saudi Arabia are briefly 
summarized below in the light of the recent developments and 
advances in the field of solar energy. These include solar desali- 
nation, solar hydrogen production, solar cooling and PVs, while 
parabolic-trough solar collectors and their applications have been 
comprehensively reviewed in Ref. [117]. 


6.1. Solar desalination 


Water and energy are two of the most essential topics on the 
international environment and development agenda. The social 
and economic health of the modern world is significantly depen- 
dent on sustainable supply of both energy and water. Energy is a 
critical parameter for economic and of vital importance in social 
and industrial development, as it is also quality water. Numerous 
low-density population areas lack not only fresh water availabil- 
ity, but in most of the cases electrical grid connection or any other 
energy source as well, except for renewable energy sources, mostly 
referring to solar radiation. For these regions desalination is a mod- 
erate solution for their needs [118]. 

Table 4 indicates the relationship between various energy inputs 
and criteria for desalination technologies, while the recommended 
renewable energy-desalination combinations are also given else- 
where [119]. 

Renewable energy-driven desalination systems fall into two 
main categories: thermal processes and electromechanical pro- 
cesses. The share of the solar energy in renewable energy-driven 
desalination processes is 70%, with solar PV at 43% and solar thermal 
at 27%. As regards the energy source, a desalination plant pow- 
ered by renewable energy is likely to be a stand-alone system at 
a location which has no electricity grid. Stand-alone systems are 
often hybrid systems, combining more than one type of renewable 
energy sources, for instance, wind and solar energy or including a 
diesel generator. In order to ensure continuous or semi-continuous 
operation independent of weather conditions, stand-alone systems 
usually include a storage device. Table 5 lists an overview of rec- 
ommended combinations depending on several input parameters, 
while it should be noticed that additional combinations are also 
possible [118]. Solar desalination can either be direct; utilizing 
solar energy to produce distillate directly in the solar collector, 
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Table 4 
Assessment of renewable energy technologies [119]. 


Criterion Solar thermal energy Photovoltaic Wind energy Geothermal energy 
Suitability for Well suited for Well suited for Well suited for Well suited for 
powering desalination plants desalination plants desalination plants desalination plants 
desalination plants requiring thermal requiring electrical requiring electrical requiring thermal 
power (3) power (3) power (3) power (3) 
Site requirements and Typically good match Typically good match Resources is Resources is limited to 
resources availability with Need for with need for location-dependent (2) certain location (1) 


desalination (3) 
Output is intermittent 
(energy storage 
required) (1) 

Output is relatively 
unpredictable (2) 


Continuity of power 
output 


Predictability of power 
output 


desalination (3) 
Output is intermittent 
(energy storage 
required) (1) 

Output is relatively 
unpredictable (2) 


Output is intermittent 
(energy storage 
required) (1) 

Output is very unpre- Output is predictable 
dictable/fluctuates (3) 

(1) 


Continuous power 
output (3) 


3, excellent compliance with criterion; 2, good compliance with criterion; 1, poor compliance with criterion. 


or indirect; combining conventional desalination techniques, such 
as multistage flash desalination (MSF), vapor compression (VC), 
reverse osmosis (RO), membrane distillation (MD) and electrodial- 
ysis (ED), with solar collectors for heat generation. Direct solar 
desalination compared with the indirect technologies requires 
large land areas and has a relatively low productivity. It is, how- 
ever, competitive to the indirect desalination plants in small-scale 
production due to its relatively low cost and simplicity [120]. 

To exploit solar energy substantially, means are required for it 
to power medium- to large-capacity desalination plants. All desali- 
nation technologies can be coupled with solar energy, but solar 
thermal is most appropriate for thermal processes (MSF or MED), 
while PVs can supply electric energy for processes such as VC or 
RO, as seen in Table 6 [118,121,122]. 

Seawater desalination can resolve the fresh water problem in 
numerous countries in both the Near East and Mediterranean 
region. Despite its reliability, the relatively high energy consump- 
tion still remains to be resolved. Because areas largely exposed to 
water scarcity are characterized by high levels of solar radiation, 
consideration should be given to the opportunity of using solar 
energy, coupled to desalination processes. This is particularly true 
in isolated and far remote areas, having no access to the electric 
grid [121]. 

Saudi Arabia is a prime location to harness solar energy because 
of its year-round sunshine. Water desalination is critical to provid- 
ing clean drinking water around the world. Today, Saudi Arabia 
produces 18% of the world’s desalinated water, currently being 
the largest producer of desalinated water in the world. Because 
over 97% of the world’s water is in the oceans, turning salt 
water into fresh water cost effectively and energy efficiently offers 


Table 5 
Recommended renewable energy-desalination combinations [118]. 


tremendous potential for addressing the growing worldwide 
demand for clean water. By building water desalination plants that 
run on solar energy, the Kingdom can reduce operational costs and 
in turn, reduce consumer costs [15,16]. 

Existing and emerging desalination technologies, recent 
advances and possible combinations of renewable energy sources 
to drive them and associated desalination costs have been reviewed 
and discussed in Refs. [123-128]. In this regard, among the possible 
combinations of desalination and renewable energy technologies, 
solar and wind energy sources have been greatly exploited and 
found to be more promising in terms of economic and technological 
feasibility [127]. It was also reported that solar-powered desalina- 
tion technologies are suitable and may be the only technically and 
economically competitive alternative for small desalination capac- 
ities up to 10 mĉ/day to provide drinking water in remote areas 
where access to fuel, electricity, and technical expertise is not avail- 
able. Focusing areas of solar thermal desalination in today’s and 
future studies cover three aspects, which are also directly related to 
economic performance improvements of the systems considered: 
(i) enhancing solar-energy collection, (ii) improving the technology 
of desalination techniques, and (iii) better matching the solar [126]. 


6.2. Solar hydrogen production 


Hydrogen is one of the most promising future energy carri- 
ers, and one of the most promising ideas is the solar-hydrogen 
energy system. The advantage of such a system is that it is clean 
with no harm for the environment, and is renewable [85]. Hydro- 
gen is acclaimed to be an energy carrier of the future and can 
not only be used as a direct form of energy as a fuel for internal 


Feed water quality Product water Renewable energy resource available System size Suitable combination 
Small Medium Large 
Brackish Distillate Solar a a Solar distillation 
water Potable Solar a a PV-RO 
Potable Solar E E PV-ED 
Potable Wind E a a Wind-RO 
Potable Wind a a a Wind-ED 
Seawater Distillate Solar a Solar distillation 
Distillate Solar a a Solar thermal-MED 
Distillate Solar a Solar thermal-MED 
Potable Solar E PV-RO 
Potable Solar E PV-ED 
Potable Wind a a Wind-RO 
Potable Wind a a Wind-ED 
Potable Wind [| a Wind-MVC 
Potable Geothermal a E Geothermal-MED 
Potable Geothermal E Geothermal-MED 


Note: PV, photovoltaic; RO, reverse osmosis; ED, electrodialysis; MED, multi-effect desalination; VC, vapor compression; MSF, multi-stage flash. 
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Table 6 


Recommended options for coupling solar energy and desalination along with thermal and economic characteristic values for some desalination technologies. 


Desalination Possible type of solar energy supply Characteristic 
process 
PV Solar Solar thermal Capacity (m?/day) Energy consumption (kWh/m?) Cost 
thermal (electric) 
Typical average Maximum Thermal Electric Equivalent Plant Production 
average electric [$/(m3/day)]  ($/m?) 

MSF af J 25,000 50,000 80 4 15 1300 1.1 

MED xf J 10,000 20,000 60 2 7 1200 0.8 

RO J J 6000 10,000 - 5 5 1000 0.7 

VC J J 3000 5000 - 7 7 1000 0.7 


Adapted from [118,121,122]. 


combustion engines but also can be used as a media to store energy 
(e.g., metal hydrates). Currently, it is mainly produced by fossil 
fuels, which release greenhouse gases and other climate-changing 
emissions. Thermochemical cycles, such as hybrid-sulphur cycle, 
metal oxide based cycle and electrolysis of water are the most 
promising processes for environmentally benign hydrogen pro- 
duction for the future. It can be produced using solar energy in 
different ways namely; using solar electricity and solar thermal 
energy. The idea of using solar energy is to protect environment 
from the unwanted greenhouse gas emissions [129]. 

Hydrogen production using solar energy can be classified mainly 
into four types, which include (i) PV, (ii) solar thermal energy, (iii) 
photo electrolysis and (iv) biophotolysis. The thermal energy from 
solar energy can be utilized into two ways, namely low temperature 
and high temperature application also called concentrated solar 
energy. PV, photo electrolysis and bio photolysis are considered 
as low temperature application whereas solar thermolysis, solar 
thermochemical cycles, solar gasification, solar reforming and solar 
cracking are high temperature applications of concentrated solar 
thermal energy. Concentrating solar energy can also be utilized 
to produce steam and then using the power of steam electricity 
can be produced. The produced electricity can be utilized to pro- 
duce hydrogen via electrolysis. In this communication the above 
method is considered in solar thermal applications only. Four major 
ways in which solar energy can be utilized to produce hydrogen 
are illustrated in Fig. 10 [129]. The water electrolysis using PVs is 
the most mature method to produce hydrogen. Photoelectrolysis is 
still at an early stage of development and material cost and practi- 
cal issues have yet to be solved. The photobiological processes are 
also still at a very early stage of development and thus far only low 
conversion efficiencies have been obtained. High temperature pro- 
cesses need further materials development, which focuses on high 
temperature membranes and heat exchangers for solar thermal 
processes. The world’s solar hydrogen utilization systems, there- 
fore, consist mainly of PV hydrogen systems for transportation and 
stationary applications. Ecofriendly hydrogen production through 
solar energy is very essential to help conserve the environment as 
it does not emit any greenhouse gases to it during operation. At 
present it is a challenging task for researchers and scientists as the 
exergy efficiency of the PV array is low and hence, the overall exergy 
efficiency of a solar hydrogen system [129]. 


6.3. Solar cooling 


Energy consumption in the residential sector is one of the main 
parts of the total energy consumption in most countries around the 
world. Worldwide energy utilization by heating, ventilating, and 
air-conditioning (HVAC) equipment in buildings forms a significant 
part of total energy consumption, depending on the countries and 
their sectoral energy utilization patterns. In Saudi Arabia, the elec- 
trical energy consumption in the residential sector is almost the 


same as the sum of the other sectors. In this context, the share of 
the residential sector in the total consumption in 2006 was 50%, fol- 
lowed by the industrial sector with 23%, the governmental sector, 
which included streets, hospitals, mosques and charity associations 
with 16%, the commercial sector with 9% and the agricultural sec- 
tor with 2% [130]. Because the residential sector is the most energy 
consumer in Saudi Arabia, in this sector, three quarter of total elec- 
tricity is consumed by building HVAC systems [131]. Due to the 
importance of the solar cooling in Saudi Arabia, development of 
solar cooling laboratories in the universities was conducted by the 
ERI, KACST between 1981 and 1987 [5]. Saudi Arabia participated in 
projects that SOLERAS researched and developed in the U.S., as well 
as in the Kingdom to reduce the cost and improve the efficiency of 
air cooling systems [132,133]. Effective utilization of solar cooling 
in Saudi Arabia, however, has not yet made reasonable progress. 

Although several solar refrigeration technologies are considered 
mature, until today, the total cooling capacity of the solar air con- 
ditioning systems in Europe is only 6 MW [134]. Although each 
technology has its own positive and negative aspects, high initial 
cost is a common problem. A variety of options are available to 
convert solar energy into refrigeration effect. 

Solar thermal systems, in addition to the typical advantages of 
renewable resources (environmentally-friendly, naturally replen- 
ished, distributed), are very suitable for air-conditioning and 
refrigeration demands due to solar radiation availability and 
cooling requirements, which usually coincide seasonally and geo- 
graphically. Solar air-conditioning and refrigeration facilities can 
also be easily combined with space heating and hot-water appli- 
cations and with solar passive techniques, increasing the yearly 
solar fraction of buildings [117]. In spite of the tremendous 
research effort made in theoretical analysis and experimental 
projects since the 1970s, and the enormous interest related to 
solar air-conditioning and refrigeration systems, their commercial 
implementation is still at a very early stage. The main reason for this 
is high costs associated with these systems and the clear market 
supremacy of conventional compression chillers. Other obstacles 
to their large-scale application are the shortage of small heat pump 
equipment and the lack of practical experience and acquaintance 
among architects, builders and planners with their design, control 
and operation [117,135]. 

Kim and Infante Ferreira [134] have comprehensively reviewed 
the main options and ranks according to their reported perfor- 
mance and the required investments per kW cooling. Fig. 11 
illustrates a comparison of various solar refrigeration technolo- 
gies in terms of performance and initial cost, although differing in 
technical maturity and commercial status. The three last columns 
indicate the specific cost of PV solar panels, the specific cost of 
thermal solar collectors plus specific engine costs and the specific 
chiller cost, respectively. Solar electric systems are assumed to be 
equipped with 10%-efficient solar PV panels with a unit price at 
€5/Wp. These solar panels convert a solar radiation of 1000 W/m? 
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Fig. 10. Solar hydrogen production methods [129]. 


into 100 W of electricity and the various electric chillers transform 
this electric energy into cooling power according to their specified 
coefficient of performances (COPs). 

Solar thermal with a single-effect absorption system appears 
to be the best option closely followed by the solar thermal with 
a single-effect adsorption system and by the solar thermal with a 
double-effect absorption system options at the same price level. 
Solar thermo-mechanical or solar PV options are significantly 
more expensive. Here the vapor compression system and mag- 
netic systems are the most attractive options, followed by the 
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thermo-acoustic and Stirling systems. Desiccant cooling (DEC) and 
ejector systems will be more expensive than the first three systems. 
The exact position of these systems, however, is difficult to identify 
because they systems require specific equipment. 

Regarding the direction of future R&D in solar refrigeration, it 
would better be focused on low-temperature sorption systems. 
The reasons for this are as follows: The cost of a solar collector 
system tends to increase with working temperature more rapidly 
than COP of a sorption machine does. High temperature-driven 
chillers would not be compatible with the existing solar heating 


Cost! (€/kWco01) 
PV Collector+engine? Chiller 


2,000+300 200 


12,000+300 


3,500+300 


3,000+300 


Heat engine - x3.0 
pAg | caucaney 201000 
<P 
BA Absorption Thermal collector 
500W Double-effect |-|_* 1.2 300 
1000W l Single-effect l x08 400 
E Single-stage M x0.7 350W 500 
x0.7 
DEC 350W 
Thermal collector 


x0.3 


Fig. 11. Performance and cost of various solar refrigeration systems [134]. !Based on retail prices without installation, rounded off below €100. 2Assumed to be 150% of a 
vapor compression chiller cost. DEC, desiccant cooling. 
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systems which were originally designed to produce domestic hot 
water. Another important subject in the future R&D is the develop- 
ment of air-cooled machines. Currently, there is only one air-cooled 
machine for solar cooling in the market. Its performance, how- 
ever, seems to become unsatisfactory for ambient air temperatures 
above 35 °C. A wet cooling tower is unfavorable in most of the small 
applications where regular maintenance work is impossible or in 
the arid regions where water is scarce [134]. 

It is also reported that the COP is higher for a LiBr-H20 double- 
effect than for a single-effect absorption chiller, but it requires 
thermal energy at temperatures of 140-160°C [116,135]. In this 
temperature range, the performance of conventional collectors is 
not good enough. Due to higher efficiency values of parabolic- 
trough collectors (PTCs) at these temperatures, the combination 
of these two systems is of great interest [116,136]. Connection 
of NH3-H20 absorption chillers to a solar system requires solar 
collectors able to work efficiently at temperatures above 95°C 
[116,137], such as the PTCs or high-efficiency stationary collectors. 
Air-conditioning and refrigeration facilities driven by a PTC solar 
field are still infrequent, while several test facilities using this tech- 
nology have, however, appeared in the literature during the last 
50 years. 


6.4. Photovoltaics 


PV technology is proven and easy to use solar energy for gen- 
erating electricity. It is being globally used to supply power to 
remote communities, utility peak load shaving, cathodic protec- 
tion in pipelines, remotely located oil fields and gas oil separation 
plants, telecommunication towers, highway telephones and bill- 
board, off-grid cottage/s, resorts in desert areas, water pumping for 
community and irrigation, municipal park lighting, exterior home 
lighting and many other utilization [22]. 

Parida et al. [138] have comprehensively reviewed major solar 
PV technologies, which included PV power generation, hybrid PV 
generation, various light absorbing materials, performance and 
reliability of PV system, sizing, distribution and control. The light 
absorbing materials covered silicon, CdTe and cadmium sulphide 
(CdS), organic and polymer cells, hybrid PV cell, thin film technol- 
ogy and some other solar cells. The different applications of solar 
PV system, such as building integrated system, desalination plant, 
space, solar home systems and pumps. Problems associated with 
PV technology, were also presented and discussed. 

Kazmerski [104,106] comprehensively explained and discussed 
PV technologies, worldwide PV production values between 1990 
and 2007, best research-cell efficiencies between 1975 and 2010, 
technology investment pathways, such as performance compar- 
isons, thin film PV technologies, etc., concentrator PVs, efficiency 
values for ideal future generation solar cells ranging 40.3% (Shock- 
ley & Queisser limit) to 95% (ideal converter; Ts = 6000 K, Ta = 300 K, 
isotropic illumination), being 85.4% for both solar thermal and 
thermo PV, and nanotechnology (Si Quantum dot films). 

Towards the future directions of PV, the following was high- 
lighted by some investigators [139-141], as reviewed by Parida 
et al. [138]. It was reported that PV is one of the fastest growing 
industries worldwide and in order to maintain this growth rate 
need for new developments with respect to material use and con- 
sumption, device design, reliability and production technologies as 
well as new concepts to increase the overall efficiency arises [138]. 
Feltrin and Freundlich analyzed several PV technologies, ranging 
from silicon to thin films, multi-junction and solar concentrator 
systems for terawatt level deployment of the existing solar cells, 
and for each technology, identified improvements and innovations 
needed for further scale-up [140]. Solar PV electricity was described 
as the solution of future energy challenges, while the modular 
approach adopted to meet the year 2025 energy demand of six 


major cities in India indicated that the suggested solar hydrogen 
based energy network had the capability of providing the energy 
requirements [141]. 


7. Some barriers, scenarios and constraints 


For several decades, Saudi Arabia has undergone rapid popu- 
lation growth and economic and industrial development, which 
have increased the energy demand and requiring more power 
generation to meet it. With the continued growing number of res- 
idential and industrial customer connections to the power grid, 
the surge in electricity demand is projected to continue its growth 
to reach double its current size by the year 2023. To prepare for 
future increase in power demand, numerous power projects have 
been launched throughout Saudi Arabia for achieving the projected 
expansion in the power industry. Existing power plants have been 
constantly upgraded and expanded, while numerous new power 
facilities, including electricity generation and desalination cogen- 
eration plants, have been constructed. Private companies have also 
significantly contributed to the expansion in the power industry 
by constructing two major plant types, namely Independent Power 
Producer, and Independent Water and Power Producer [142]. 

Due to the export potential of its oil reserves and its decision 
to allocate gas as a feedstock to its petrochemical industries rather 
than as a fuel for electricity generation, Saudi Arabia has economic 
incentives to develop renewable energy to meet domestic electric- 
ity demand [143]. After the pilot schemes to develop solar energy 
in the 1980s, Saudi Arabia is taking a much more active approach 
to solar power development [4]. 

Saudi Arabia appears to have great natural potential for solar 
power generation. Public officials have made statements about how 
Saudi Arabia would like to become a large-scale exporter of solar 
electricity within the next 30-50 years by covering the desert with 
solar power plants in the same way that the Desertec project would 
generate electricity for export to Europe. This is a long-term aspira- 
tion, currently rendered unfeasible by technological limitations. To 
date, there have been few projects in the solar sector in Saudi Ara- 
bia, other than small off-grid uses of PV technology. However, Saudi 
Arabia is now attempting to develop its own renewable energy 
technology hub [143]. 

Taleb [144] identified the real barriers hindering the utilization 
of geothermal resources in Saudi Arabia. In this context, the inter- 
view questions were prepared in order to explore the barriers to 
the lack of utilization of geothermal energy in Saudi Arabia, as well 
as to identify some enablers that could be used to tackle the iden- 
tified obstacles. The barriers were divided mainly two subgroups, 
namely technical and non-technical (political, economic, social and 
educational) barriers. The main economic-related barrier was the 
availability of a cheap source of energy (i.e., fossil fuels), which is 
a heavily-subsidized energy source in this oil-rich country. This is 
also valid for solar energy development, while political support is 
a vital element for a successful renewables and solar energy could 
incorporate social benefits, such as employment and investments 
opportunities as well as financial profits. It is also reported [4] that 
the enhanced utilization of solar power should, logically, contribute 
to price stability in the solar energy markets, as the sun’s power is 
unlimited and quite stable in the cloudless desert. However, most 
experts estimate that it will take at least another decade to bring 
the cost to the projected values. 

Al-Saleh [145] presented and developed a set of renewable 
energy scenarios for Saudi Arabia using the Delphi technique. It 
was concluded that many of the oil-rich Middle Eastern nations 
have benefited enormously from the recent surge in oil prices. This 
ample income has provided Saudi Arabia, as a major oil-producer, 
with options that would have been unthinkable a few years ago. 
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Among the challenges facing such oil-dependent economies, how- 
ever, is how such an apparent wealth can be put to the best use 
on the path to sustainable development. Demonstrably, almost all 
energy scenarios for attaining sustainability around the world take 
for granted a sizeable increase in the share of primary energy from 
renewable sources. With the recent energy and environmental con- 
cerns, there is an apparent global enthusiasm for renewable energy 
options. Saudi Arabia, despite being a key oil producer should not 
be seen as an exception in this regard. It is believed that ‘now’ is the 
appropriate time to invest in developing capabilities in the field of 
renewable energy in order to secure the country’s future for a sus- 
tainable economy and to address its rapidly-growing energy needs. 
The drive towards renewable energy in Saudi Arabia should not 
regarded as being a luxury but rather a must, as a sign of good gover- 
nance, concern for the environment and prudence in oil-production 
policy. 

Implementing the sustainable investments in the gulf region can 
also support the renewal EU-GCC partnership as well as play an 
important role in initiating a cleaner and environmentally sound 
energy market. Using the sustainable energy technologies that have 
already proven to be competitive, GCC companies can make a profit 
today, while creating a path for the future technological advantages. 
As GCC business becomes experienced with installation and main- 
tenance on a large scale, new markets for these technologies will 
open up, creating even more competitive opportunities. In addi- 
tion, the increased impact of the climate change on the energy 
sector, due to these states’ recent accession to the Kyoto proto- 
col, brings out these investments as key means for establishing 
conditions of security, stability and sustainability. However, sig- 
nificant efforts need to be made for renewable energy technologies 
to be fully commercialized and competitive. Nowadays, it is clearly 
illustrated that there exist a significant space for improvements of 
renewable energy exploitation in the region, as reported in more 
detail elsewhere [146]. 


8. Conclusions 


Saudi Arabia has great natural potential for solar power genera- 
tion and economic incentives to develop renewable energy to meet 
domestic electricity demand. Specifically, the rapid development 
in solar energy technology has made it the most promising alter- 
native to conventional energy systems in recent years. After the 
pilot schemes to develop solar energy in the 1980s, Saudi Arabia 
has taken a much more active approach to solar power develop- 
ment. In this study, we comprehensively reviewed present status 
and future directions of solar energy studies in terms of various 
aspects, such as solar desalination, solar hydrogen production, solar 
cooling and PVs. We also presented some barriers, scenarios and 
constraints associated with the solar energy studies implemented. 
In this regard, we listed some concluding remarks as follows: 


(a) Saudi Arabia has a considerably high level of solar energy poten- 
tial that can be a part of the total energy network in the country. 

(b) Saudi Arabia has enormous potential for exploiting solar energy. 
Saudi Arabia can, therefore, be a leading producer and exporter 
of solar energy in the form of electricity, ifa major breakthrough 
is achieved in the field of solar-energy conversion [5]. 

(c) Saudi Arabia was among the first countries to invest in 
renewable energy research through major joint international 
cooperation programs, where the Saudi government provided 
one-half of the funds needed, and the other half was provided 
by developed countries, such as United States and Germany. The 
most infamous program, established 31 years ago, was called 
SOLERAS a joint venture between Saudi Arabia and the United 
States in mutual cooperation [110]. 


(d) Some renewable energy investments seem to be more avail- 
able and effective solutions in the region, because of specified 
conditions and requirements in remote (e.g., mountains in 
Saudi Arabia) and isolated areas (e.g., islands in Bahrain). For 
example, there exist a very high potential for the application 
of solar energy in Global System for Mobile Communications 
(GSM), road lighting, cooling and desalination. These systems 
can enhance the quality of life in these regions, through the 
delivery of modern social services. The efforts should be focused 
on the building of scientific and political consensus, via set- 
ting up of a number of communication channels on different 
policymaking and policy-drafting levels, such as websites, pub- 
lications and workshops for stake holders. Close contacts and 
effective interaction need to be achieved between centers of 
research and development and local market in order to bring 
the new developed products to practice [146]. 

(e) Renewable and energy-efficient technologies can meet a sub- 
stantial portion of the energy needs of Saudi Arabia. Renewable 
energy, particularly solar energy, is an abundant resource in 
the country, and holds huge economic promise. In the process 
of shifting new investment to these energy forms, numerous 
public benefits will be created, including the enhanced environ- 
mental quality, increased energy security, and local economic 
development benefits [7]. 

(f) Even though the Arab States of the Gulf region is a leading oil 
and natural gas producer, they should be interested in taking 
an active part in the development of technologies for exploit- 
ing and utilizing renewable energy. The use and development 
of renewable energy Technologies (in particular solar energy) 
could make a significant contribution to improving environ- 
mental protection and to guaranteeing continuing oil supplies 
in conditions of stability and security in the Gulf region [146]. 

(g) Water has been the first priority in the Science, Technology and 
Innovation Plan of Saudi Arabia, as overseen by KACST. Saudi 
Arabia is currently the largest producer of the desalinated water 
in the world. In this regard, investments in new ways of making 
access to fresh water more affordable are expected to signifi- 
cantly increase in the country [17]. 

(h) The use of renewable energies for desalination appears nowa- 
days as a reasonable and technically mature option towards the 
emerging and stressing energy and water problems. Although 
intensive research world-wide has been undertaken, the actual 
penetration of RES-powered desalination installations is too 
low. 

(i) A primary challenge with desalination remains large energy use 
and related environmental impacts. These and other socially 
negative impacts can in part be offset using renewable energy 
resources for desalination. For example, nearly 3kg of CO2 
generation for each m? of water produced (at an energy con- 
sumption rate of 5 kWh/m? with the best technology currently 
used on large-scale) can be avoided if conventional fuels are 
replaced with renewable energy [121,122]. 

(j) Abaoud and Veziroglu [20] developed a model for Saudi Arabian 
solar-hydrogen energy system. They indicated that (i) adopting 
the solar-hydrogen energy system would extend the availability 
of oil resources, reduce pollution, and establish a permanent 
energy system for Saudi Arabia, and (ii) Saudi Arabia could also 
become an exporter of hydrogen forever. 

(k) More feasibility studies have to be conducted in the field of 
hybrid systems. In this regard, the market penetration of these 
systems should be promoted and facilitated by demonstrating 
the cost-effective and environmentally friendly solution to be 
provided. 

(1) Due to the importance of the solar cooling in Saudi Arabia, 
the number of projects for development or demonstration of 
solar refrigeration technologies and solar refrigeration should 
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be increased. In this regard, a variety of solar refrigeration tech- 
nologies have been developed and many of them are available 
in the market at much cheaper prices than ever [134]. 

(m) The utilization of PV modules for grid connected and as well 
as hybrid systems have been studied by the researchers at uni- 
versities and the institutes in Saudi Arabia, with 3895 kW of PV 
installed capacity by the end of year 2008 [116]. 

(n) A switch towards more efficient use of fossil fuels and an 
increased share of renewable energies would have several ben- 
efits not only for Saudi Arabia, but also for other GCC countries: 
if the domestic use of fossil fuels were reduced, more oil and 
natural gas could be exported [12]. 

(o) Solar radiation data are a fundamental input to solar energy 
applications, such as PV, solar-thermal systems and passive 
solar design, they should be reliable and readily available for 
simulation, design, optimization and performance assessment 
of various solar technologies at any particular location. In this 
regard, For estimating the solar radiation in various cities of 
Saudi Arabia, different correlations have been developed by 
many investigators, as reviewed in this study. 

(p) Exergy is a way to sustainable development. In this regard, 
exergy analysis is a very useful tool, which can be successfully 
used in the performance evaluation of solar energy systems 
as well as all energy-related systems. In this regard, the num- 
ber of studies conducted on exergetic analysis and assessment 
of solar energy systems is relatively low in Saudi Arabia. It 
is recommended that this useful tool be utilized for perfor- 
mance assessment purposes of solar energy-related systems, as 
done for geothermal energy resources in Saudi Arabia elsewhere 
[147]. 

(q) Achieving sustainable development is a target that is now 
widely seen as important to worldwide public opinion. In this 
context, the utilization of renewable energy resources such as 
solar, geothermal, and wind energy appears to be one of the 
most efficient and effective ways of achieving this target [148]. 

(r) The results are expected to be beneficial to the researchers, gov- 
ernment administration, and engineers working in the area of 
solar energy systems as well as in establishing energy polices. 
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